University of Kentucky

UKnowledge
Theses and Dissertations--Chemistry

Chemistry

2014

ELECTRON AND ION SPECTROSCOPY OF METAL HYDROCARBON
COMPLEXES
Sudesh Kumari
University of Kentucky, sudeshchem@gmail.com

Right click to open a feedback form in a new tab to let us know how this document benefits you.

Recommended Citation
Kumari, Sudesh, "ELECTRON AND ION SPECTROSCOPY OF METAL HYDROCARBON COMPLEXES" (2014).
Theses and Dissertations--Chemistry. 30.
https://uknowledge.uky.edu/chemistry_etds/30

This Doctoral Dissertation is brought to you for free and open access by the Chemistry at UKnowledge. It has been
accepted for inclusion in Theses and Dissertations--Chemistry by an authorized administrator of UKnowledge. For
more information, please contact UKnowledge@lsv.uky.edu.

STUDENT AGREEMENT:
I represent that my thesis or dissertation and abstract are my original work. Proper attribution
has been given to all outside sources. I understand that I am solely responsible for obtaining
any needed copyright permissions. I have obtained and attached hereto needed written
permission statements(s) from the owner(s) of each third-party copyrighted matter to be
included in my work, allowing electronic distribution (if such use is not permitted by the fair use
doctrine).
I hereby grant to The University of Kentucky and its agents the non-exclusive license to archive
and make accessible my work in whole or in part in all forms of media, now or hereafter known.
I agree that the document mentioned above may be made available immediately for worldwide
access unless a preapproved embargo applies.
I retain all other ownership rights to the copyright of my work. I also retain the right to use in
future works (such as articles or books) all or part of my work. I understand that I am free to
register the copyright to my work.
REVIEW, APPROVAL AND ACCEPTANCE
The document mentioned above has been reviewed and accepted by the student’s advisor, on
behalf of the advisory committee, and by the Director of Graduate Studies (DGS), on behalf of
the program; we verify that this is the final, approved version of the student’s dissertation
including all changes required by the advisory committee. The undersigned agree to abide by
the statements above.
Sudesh Kumari, Student
Dr. Dong-Sheng Yang, Major Professor
Dr. Dong-Sheng Yang, Director of Graduate Studies

ELECTRON AND ION SPECTROSCOPY OF METAL HYDROCARBON
COMPLEXES

DISSERTATION

A dissertation submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in the
College of Arts and Sciences
at the University of Kentucky

By
Sudesh Kumari
Lexington, Kentucky
Director: Dr. Dong-Sheng Yang, Professor of Chemistry
Lexington, Kentucky
2014

Copyright © Sudesh Kumari 2014

ELECTRON AND ION SPECTROSCOPY OF METAL HYDROCARBON
COMPLEXES

ABSTARCT OF DISSERTATION

A dissertation submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in the
College of Arts and Sciences
at the University of Kentucky

By
Sudesh Kumari
Lexington, Kentucky
Director: Dr. Dong-Sheng Yang, Professor of Chemistry
Lexington, Kentucky
2014

Copyright © Sudesh Kumari 2014

-

ABSTRACT OF DISSERTATION

ELECTRON AND ION SPECTROSCOPY OF METAL HYDROCARBON
COMPLEXES

Metal-hydrocarbon complexes were prepared in a laser-vaporization molecular beam
source and studied by single-photon zero electron kinetic energy (ZEKE) and massanalyzed threshold ionization (MATI) spectroscopy. The ionization energies and
vibrational frequencies of the metal complexes were measured from the ZEKE and MATI
spectra. Metal-ligand bonding and low-lying electronic states of the neutral and ionized
complexes were analyzed by combining the spectroscopic measurements with quantum
chemical calculations and spectral simulations.
In this dissertation, the metal complexes of mesitylene, aniline, cyclooctatetraene,
benzene, ethene, and propene were studied. For each complex, different effects from
metal coordination have been identified. Although metal-bis(mesitylene) sandwich
complexes may adopt eclipsed and staggered conformations, the group VI metalbis(mesitylene) complexes are determined to be in the eclipsed form. In this form,
rotational conformers with the methyl group dihedral angles of 0 and 60° are identified
for the Cr complex, whereas the 0° rotamer is observed for the Mo and W species. The
unsuccessful observation of the 60° rotamer for the Mo and W complexes is the result of
its complete conversion to the 0° rotamer in both He and He/Ar carriers. For group III
metal aniline complexes, the ZEKE spectrum of each complex exhibits a strong origin
band, a short M+-aniline stretching progression, and several low-frequency ligand based
vibrational modes. The intensities of most of the transitions can be explained by the
Franck-Condon (FC) principle within the harmonic approximation. However, the
intensity of the low frequency out-of-plane ring deformation mode is greatly
overestimated by the FC calculations and may be caused by the anharmonic nature of the
mode. Although aniline offers two possible binding modes for the metal atoms, a п
binding mode is identified with the metal atom over the phenyl ring. For Ce, Pr, and
Nd(cyclooctatetraene) complexes multiple band systems are observed. This is assigned to
the ionization of several low-lying electronic states of the neutral complex. This
observation is different from the Gd(cyclooctatetraene) complex, for which a single band
system is observed. The presence of the multiple low-energy electronic states is caused
by the splitting of the partially filled lanthanide 4f orbitals in the ligand field. The ZEKE

spectrum of the Gd(benzene) complex exhibits a strong origin band, whereas the
spectrum of Lu(benzene) displays a weak one. The benzene ring is planar in the Gd
complex, but bent in the Lu complex. Dehydrogenation and C-C coupling products are
observed in the reaction of La atom and ethene/propene. For the La and ethene reaction,
La(C2H2) and La(C4H6) complexes are identified. With propene, C-H bond activation
leads to the formation of the La(C3H4) and H-La(C3H5) complexes, whereas the C-C
coupling yields the La(trimethylenemethane) complex. In addition, the La(CHCCH3) and
La(CHCHCH2) isomers of La(C3H4) are observed, which are produced by the 1,2- and
1,3-hydrogen elimination of propene.
KEYWORDS: PFI-ZEKE Spectroscopy, MATI Spectroscopy, Metal-Hydrocarbon
Complexes, Ionization Energy, Quantum Chemical Calculations
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CHAPTER 1. INTRODUCTION

In view of many potential applications in catalysis,1,2 chemical synthesis,3-5
biochemistry,6-8 supramolecular chemistry,9-11 and environmental sciences,8,12 the study
of metal-ligand interactions is always crucial for chemists. For example, metal
compounds are widely used as catalysts in various industrial processes, such as the
hydrogenation and the low pressure polymerization of simple olefins.13 In surface
chemistry, the binding on metal oxide surfaces is often controlled by metal interactions.1416

Metal ions play a vital role in about 30% of all enzymes.16,17 They are present at the

active sites of enzymes, and the structure and functions of the enzymes are influenced by
the metal binding sites, strengths, and mechanisms. The particular metal ion travels
through the cell membrane with a high order of selectivity controlled by metal-ligand
electrostatic interactions.15 Supramolecular chemistry is considered to be an important
branch of chemistry for developing new materials by gathering various molecular blocks
and metal ions. The study of the structures and mechanisms for the formation of
supramolecules is important for making such assemblies suitable for the various
applications.10 In addition, many metal ions are present in the atmosphere, water, and
even in soil.18 Therefore, it can be imagined that metal-ligand interactions are present
everywhere, and such interactions are valuable to explore how such interactions can be
used to synthesize many useful products.
From a chemistry viewpoint, the key step towards the synthesis of a new material is
the association of a metal atom to a ligand to form a loosely bound complex and the
association can be seen as the entrance channel for the synthesis of new products and
followed by activation of specific bonds by metal assistance. In this work, we tried to
explore both aspects of the chemical reactions.
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1.1 Metal-ligand complexes

Among metal-association complexes, the compounds of metal atoms with
benzene, substituted benzenes, or other cyclic unsaturated complexes have been
recognized as potential reagents in homogeneous catalysis and thus have been widely
studied.19-22 Such complexes are widely discussed in the field of organometallic
chemistry established in 1827 by the synthesis of the first organometallic complex known
as Zeise’s salt, i.e. K[PtCl3(C2H4)]·H2O, by W. C. Zeise. It took more than a century to
understand the bonding in this complex and other organometallic complexes. The
bonding in these complexes is explained on the basis of the Dewar-Chatt-Duncanson
model.23 According to this model, the alkene donates its π electron density into a vacant
metal d orbital followed by the back donation of electrons from the filled metal-d orbitals
into the empty π* antibonding orbitals of the alkene. As a result, there is an increase in the
C-C bond length and a decrease in the M-C distance. These interactions also lead to a
change in the C atomic orbital hybridization from sp2 from sp3. The number of ligand
atoms coordinated with the metal center in the complex is called the hapticity and is
denoted by ηn, where n is the number of the ligand atoms coordinated with the metal
atom or the number of the M-ligand bonds.
Metal complexes with benzene and its substituted derivatives have been widely
studied.21,22 In these complexes, the metal can bind to one or two ligands simultaneously
to form half-sandwich and sandwich complexes, respectively. The hapiticity of each
ligand can vary from η2 to η4 to η6. Among these, a hapticity of six is more common.24
A part of this work is related to the complexes formed between different metal
atoms and benzene or its derivatives and to investigate the metal-ligand interactions,
metal binding sites, and possible isomers. The ligands vary from benzene,
trimethylbenzene, and aniline to non-aromatic cyclooctatetraene (COT). The molecular
structures of these complexes have many similarities and significant differences as well.
In benzene, all the carbon atoms are equivalent and its symmetry can be represented by
D6h point group. On the other hand trimethylbenzene and aniline have carbon atoms in
different chemical environment. As a result, they have different C-C bond lengths, bond
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strengths, and thus reactivities. Unlike benzene, COT is non-aromatic and its reactivity
is quite different from aromatic ligands. In this work, I studied the complexes formed by
the interactions between these ligands and the d and f block metal atoms. The theme of
this work is to understand how metal atoms with different electron configurations
coordinate with ligands in different chemical compositions and structures. Moreover,
how such interactions can affect the molecular structures and electronic states of the
resulting complexes.
The second part of this thesis is related to the study of the metal-assisted bond
activation of small hydrocarbons. It is well-known that hydrocarbons are omnipresent,
yet many of which could not be exploited for chemical reactions because of their
relatively stable chemical bonds.25 In the late 1960s, a new kind of reaction called
oxidative addition came into the picture.26 Such reactions were capable of activating the
hydrocarbon bonds via interaction with metal atoms. Following that discovery,
interactions of transition metals with alkenes are involved in a myriad of catalytic
processes, such as the hydrogenation of unsaturated hydrocarbons and the polymerization
of olefins.26 Metal-ligand interactions are capable of activating the C-H and C-C bonds in
the hydrocarbons, which can lead to selective conversion of complex organic molecules
into more useful products.27,28
Although the metal activation of small hydrocarbons has been studied for many
years in the gas phase, there has been no report in the literature on the experimental
determination of the structures of reaction products or intermediates. The present work
focuses on the identification of the isomeric structures of the complexes formed in the
ethylene and propylene reactions with laser-ablated La atoms. Through this study, we
hope to better understand the possible reaction pathways that are involved in the cleavage
of the C-C and C-H bonds of small olefins.

3

1.2 Experimental methods

Spectroscopy is the study of light and matter interactions. The simplest possible
experimental arrangement is shown in Fig 1.1. A light beam from a radiation source
(nowadays almost always a laser) is passed through a sample in a cell, and its intensity is
measured by a detector. The detected event can have different forms like photons,
electrons, or ions. The variation of the signal intensity as the function of the radiation
frequency is called the spectrum. The spectroscopic methods used in our research
laboratory are based on the photoelectric effect, in which electrons/ions are detected and
are discussed in the following sections.

1.2.1 Conventional photoelectron spectroscopy

In the early 1960s, Turner developed photoelectron spectroscopy (PES) based on the
photoelectric effect.29 PES has been an important tool to study the structures and
dynamics of molecular ions. In this technique, a molecule is photo-ionized from an initial
neutral state to a final ionic state.
M + hν → M+ + e-

(1)

The energy difference (∆E) between the two states of a molecule can be expressed as
the difference between the incident photon energy (hν) and the kinetic energy (KE) of the
emitted electron as follows,
∆E = hν - KE

(2)

By definition, the ionization energy (IE) is the minimum energy required to remove
an electron from the ground state of the neutral molecule. The energy difference can also
be expressed as
4

∆E = IE + Eion - Eneutral

(3)

here, Eion and Eneutral are internal energies of the ion and neutral molecule, including
the electronic, vibrational, and rotational energies. If the energy of the incident photon is
greater or equal to the IE, electrons will be ejected. As the electrons are ejected by light,
they are called photoelectrons (PE). This is the basic principle of the conventional PES. It
has been widely used because no tunable light source is required and is thus, relatively
easy to implement experimentally. It provides direct insight into the bonding and
structures of the molecule. Although there is no fundamental limitation regarding the
spectral resolution of PES, the practical resolution is limited by the difficulty in
separating electrons with small kinetic energy differences

1.2.2 Zero electron kinetic energy spectroscopy

In conventional PES, photoelectrons are ejected from molecules with a fixedwavelength radiation, and the kinetic energies of the emitted electrons are measured to
determine the ionization energies. It is widely applicable because any molecule can be
photoionized; it is relatively easy to implement experimentally as it does not require a
tunable light source, but it has limited spectral resolution as discussed earlier. To
overcome these problems, ZEKE spectroscopy was developed by Müller-Dethfs, Sander,
and Schlag in 1984.30-36 The major advantage of this technique is its extraordinary high
resolution compared to conventional photoelectron methods.37 As shown in Fig 1.2 the
ZEKE method requires the scanning of the wavelength of the light source across the ion
states and detects the zero kinetic energy electrons formed whenever the energy of the
incident photon matches the energy difference between the rovibronic states of the
molecule and the ion.
Figure 1.3 compares He-I PE (a), and ZEKE (b) spectra of Bis(benzene)chromium.
The conventional PE spectrum is obtained by collecting kinetic electrons with a fixed
photon energy. In ZEKE, the laser frequency is scanned through the ionization threshold,
and electrons with zero kinetic energy are detected. The PE spectrum of
5

Bis(benzene)chromium (Figure 1.3) shows a single peak with the full width at half
maximum (fwhm) of ∼600 cm-1 around 5.5 eV.38 On the other hand, the ZEKE spectrum
of the molecule has FWHM of ∼5 cm-1 measured in the same energy region, a resolution
improvement more than 100 folds!
There are two methods to generate ZEKE electrons. One is threshold photoionization
(TPI) of molecules, and other is pulsed field ionization (PFI) of Rydberg molecules. In
TPI spectroscopy, ZEKE electrons are produced through direct photoionization and are
discriminated against the kinetic energy electrons by a time delay.37
After a short time delay, the kinetic electrons will move out of the ionization region
(hν > ∆E), but the ZEKE electron will stay at the point where it was produced because of
its zero velocity. Depending on the location of these kinetic electrons, the traveling
distance will be either longer or shorter than the non-mobilized ZEKE electrons. As
schematically described in Figure 1.4, the electrons labeled as 4 and 5 cannot reach to the
detector because of the geometric constraint. Electrons labeled as 1, 2, and 3, however,
will be detected. This method is rather difficult to implement.
In the PFI technique, high-lying Rydberg states are produced by photoexcitation with
unexpectedly long life time with principal quantum number of 150 or larger (n ≥ 150). In
these Rydberg states, the electron is considered to orbit around an ionic core that closely
resembles the ionized molecule. Due to the high principal and azimuthal quantum
numbers (n and l), the electron has a spherically shaped orbit in these states, and the
electron-core interaction can be described by a simple Coulomb force. In other words, in
a high energy Rydberg atom, the core electrons effectively shield the outer electron from
the electric field of the nucleus. As a result, the outer electron generally sees the nucleus a
proton and will behave much like the electron of a hydrogen atom. Strong l- and mlmixing (ml is the magnetic component of l), due to stray fields and nearby ions, is known
to enhance the lifetime of these Rydberg states significantly.39,40 The Rydberg states,
which converge to various eigenstates of the ion, are a few wavenumbers below the
ionization threshold. Neutral molecules are first excited to high-lying Rydberg states, and
after a few microseconds a small electric field is applied to remove the electrons from the
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ionic core. Fields inside the apparatus cause the kinetic electrons produced by direct
photoionization to travel during the time delay, but have no effects on the Rydberg states.
Since the ionization cross section is continuous through the ionization threshold, the
Rydberg electrons produced by the delayed field ionization, in general, carry the same
information as the ZEKE electrons produced by direct photoionization. Therefore, the
delayed field ionization provides a higher collection efficiency for the ZEKE electrons.
TPI produces ions/electrons with photon energy just above the ionization threshold of the
molecule, while PFI produces ions/electrons through the ionization of the high lying
Rydberg states slightly below the ionization threshold of the molecule. Unlike the PFI
technique, the TPI method is rather difficult to implement experimentally.
The molecules in high-lying Rydberg states are ionized by a small pulsed electric
field as shown in Fig 1.2. This technique is referred as pulsed-field ionization i.e. PFIZEKE. The applied pulsed electric field helps to accelerate the ZEKE electrons towards
the detector. The spectra obtained have a slight red shift determined by
∆IE = C(EF)1/2

(4)

where ∆IE is in cm -1 and EF is in V/cm. The constant C is determined by recording
ZEKE signals at various ionization fields and extrapolating to zero field. In our
measurements the shift induced by the field is much smaller than the line width of the
measured ZEKE spectra.41
Advantages of the ZEKE technique
The power of this technique can be identified by comparing it with other spectroscopic
methods. First, the primary strength lies in its wide applicability because every molecule
can be ionized. There is lack of the knowledge about the intermediate states of transition
metal complexes; the high ZEKE spectral resolution achieved without a resonant state
selection is an important advantage over other high-resolution techniques like R2PI that
requires a long-lived excited state. Second, the ionization energy of transition metal
complexes are in a spectral region easily accessible to frequency doubled tunable dye
lasers. Third, ZEKE deals with electrons having zero kinetic energy which can be easily
7

separated from kinetic electrons by a time delay (~1 μs) between the laser excitation and
field ionization. Thus, unlike conventional PES and photoionization efficiency (PIE)
spectroscopy, vibrational and sometimes even rovibrational energy levels of the cation
can be obtained from the PFI-ZEKE measurements. Because of its high spectral
resolution, the technique can be used to measure the vibrational frequencies of the neutral
complex if excited vibrational levels are thermally populated, in addition to those of the
cationic species. Consequently, ZEKE spectroscopy can provide indirect structural
information about the complexes.
In addition, the ionization energy measured from the PFI-ZEKE technique can be used
in a thermodynamic cycle to derive the bond dissociation energies of the neutral complex.
Figure 1.5 shows the relationship between ionization and bond dissociation energies of
metal ligand (M-L) complexes. The two potential energy curves for the neutral and ionic
complexes are shown in blue and red, respectively. The bottom of the potential energy
curve represents the equilibrium geometry of the neutral or ionic complex. The black
horizontal line at the near bottom of each potential energy curve represents the
vibrational zero point energy (ZPE) of the molecule with all the vibrational quantum
numbers (v) being zero. A molecule vibrates even at v=0 because of the Heisenberg
uncertainty principle.40 According to the Heisenberg principle, the position and
momentum of a particle cannot be simultaneously measured with arbitrarily high
precision. Thus, mathematically it can be written as
ΔxΔpx > ħ/2

(5)

where, Δx is the uncertainty in position, h is the Planck’s constant (ħ = h/2π), and Δpx
is the uncertainty in the momentum at that particular position. According to Equation (5),
all the atoms in a molecule will have non-zero kinetic energy but will not move far apart
because of the chemical bonding. As a result the molecule must vibrate even at v = 0.
Physically, this means that molecules are constantly vibrating. On the basis of the
harmonic oscillator approximation, the energy levels can be represented as
Ev = ħωi (v + 1/2), with v = 0, 1, 2…..
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(6)

here, ωi is the vibrational frequency of the mode i, with v = 0, E0 = 1/2(ħωi). Thus, the
total ZPE of a molecule is the sum of E0 terms over all vibrational modes of the molecule.
Because the M-L bond strength is typically greater in the ion state than in the neutral
complex due to additional attractive interactions in the ion complex (ion-multipole), the
vibrational frequencies of the ionic complexes are often larger than in the neutral
complex. Now back to Figure 1.5, the IE of the complex is defined as the energy
difference between the two potential energy surfaces at the vibrational zero point (v = 0).
The IE of a bare metal atom does not include the ZPE correction as a single atom cannot
vibrate. Similarly, an experimental bond dissociation energy will include the ZPE. The
dissociation energy of the ionic complex is usually larger than the dissociation energy of
the corresponding neutral complex. Thus, by following the thermodynamical cycle we
have
IEM - IEM-L = D0(M+-L) - D0(M-L)

(7)

The IE of the metal atom and bond dissociation energy (D0 (M+-L)) of M+-L have
been studied previously. Thus, by combining the results from previous studies and IE
measurements from our work, we can determine the bond dissociation energy (D0 (M-L)
of the neutral complex.

1.2.3 Mass-analyzed threshold ionization spectroscopy

A general disadvantage of any spectroscopic technique involving the detection of
electrons rather than ions is the absence of mass information. This makes the
identification of the spectral carrier difficult if multiple species with similar IEs are
present in the molecular beam. An alternative to the ZEKE method based on a similar
principle was developed by Zhu and Johnson, where ions were detected.42 This method
is called mass-analyzed threshold ionization or MATI, and provides similar information
to ZEKE spectroscopy. Both ZEKE and MATI rely on the delayed PFI of the long-lived
Rydberg states of atoms and molecules and provides high spectral resolution (typically a
few cm-1). The only difference between ZEKE and MATI is whether electrons or ions are
9

detected, respectively.40,43 The major advantage to collecting ion signals is that one can
positively assign the observed transitions to a species with a specific mass.
The vibrational frequencies and IE measurements from ZEKE and MATI experiments
are very accurate. These measurements can be compared with the results from theoretical
calculations to determine the structures and electronic states of the molecular species.
1.3 Quantum chemical calculations

In quantum chemistry, problems in chemistry are studied by using quantum
mechanics. Applications of quantum chemistry can be seen in all branches of chemistry.
Physical chemists use quantum mechanics, for example, to calculate thermodynamic
properties, to interpret molecular spectra, to calculate possible transition states, and to
determine barriers to internal rotation. In the late 1920’s, the Schrödinger equation was
developed from which ultimately all quantum chemical models are derived. This equation
treats molecules as a collection of nuclei and electrons, without any chemical bonds. The
solution is in terms of the motion of electrons, which leads to the information about the
molecular structure and energy. Some of the quantum chemical models are discussed in
the following section.

1.3.1 Ab initio calculations

Ab initio is a Latin word for “from the beginning”. It is a method for calculating
atomic and molecular properties directly from the first principles of quantum mechanics,
without using quantities derived from experimental measurements as parameters (such as
ionization energies measured by spectroscopic methods). In quantum mechanics, the
fundamental nature of a molecule can be described by the associated wavefunction (ψ). If
the wavefunction of a molecule is known, then the corresponding energy of the molecule
can be determined by solving the time-independent Schrödinger equation
Ĥψ = Eψ
10

(8)

where, Ĥ is a mathematical operator called the Hamiltonian operator to characterizes
the total energy of any given wavefunction. The Schrödinger equation is greatly
simplified by incorporating the Born-Oppenheimer approximation, where the electronic
and the nuclear motions in molecules are decoupled.44 According to classical physics the
total energy of a molecular system is the sum of the kinetic and potential energies. The
kinetic energy (KE) of any particle is related to its momentum (p) and mass (m) by
KE = p2/2m

(9)

and the corresponding operator for kinetic energy in quantum mechanics is
KE = -(ħ2/2m)∇2
where, ∇ is Laplacian operator described as

(10)

∇ = [(∂2/∂x2) + (∂2/∂y2) + (∂2/∂z2)]

(11)

These partial derivatives are taken over all space, that is, the x, y, and z coordinates.
Because a molecule is composed of charged particles (protons and electrons), the
potential energy term of the Ĥ operator can be expressed as the interaction between these
charged particles. Let’s consider a simple example of helium atom with 2 electrons and 2
protons, the Hamiltonian for He atom can be written as
ĤHe = -(ħ2/2m)∇12 - (ħ2/2m)∇22 - (e2/4πε0)[(Z/r1)+(Z/r2)-(1/r12)]

(12)

where, subscripts 1 and 2 are the electron labels, m is the mass of the electron, Z is the
atomic number, e is the charge of an electron, r1 and r2 are the distance between each
electron and the nucleus, r12 is the electron-electron distance and the ε0 is the permittivity
of the free space. According to the Born-Oppenheimer approximation the electrons move
much faster than the heavy nucleus and thus the nuclear kinetic energy term can be
removed from the Ĥ operator. Further, the Ĥ operator can be simplified by using atomic
units, where all physical quantities are set to unity. Thus, the Ĥ operator for He atom in
atomic units reduces to
ĤHe = -(1/2)∇12 - (1/2)∇22 - [(Z/r1)+(Z/r2)-(1/r12)]
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(13)

and the units are in Hartees, which is abbreviated by a.u. The He atom Hamiltonian is
complicated and can be solved exactly, if the electron repulsion term is ignored.
However, in molecular and atomic systems, the orbital paths of electrons are in fact
correlated to one another due to repulsion between same charges. This repulsion energy
terms is named as the electron correlation energy. Because it is difficult to solve this
equation, a number of methods have been developed to approximate the solutions to the
Schrödinger equation for multi-electron systems.

1.3.2 Hartree-Fock theory

The simplest type of the ab-initio electronic structure calculations is the HartreeFock (HF) method. The HF method seeks to approximately solve the electronic
Schrödinger equation by assuming that the electrons move independently of each other
and the wavefunction can be approximately described by an anti-symmetrized product of
one electron wavefunctions (orbitals). The one electron wavefunctions for molecular
orbitals are typically linear combination of atomic orbitals (LCAO) and for an atomic
orbital they are a linear combination of Gaussian type functions. The Hartree-Fock self
consistent method is a self iterative method where an approximate orbital is used to
initialize the calculation for the first cycle. The solution of the first cycle is used to
construct a new orbital for the next cycle. Such iterations will continue till the change in
the electronic energy between two consecutive cycles is smaller than the pre-defined
threshold. The HF method can further be divided into restricted Hartree-Fock (RHF) and
unrestricted Hartree-Fock (UHF) methods. The restricted HF method is applied to an
atom or molecule with a closed shell of valence electrons, whereas the unrestricted HF is
used for the system with an open shell of valence electrons. In Hartree-Fock calculations
the electron correlation is not included, which may lead to a large deviation from the
experimental results. Ab initio methods that include the electron correlation are called
post Hartree-Fock methods.
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1.3.3 Møller-Plesset perturbation theory

For most chemical systems, the Schrödinger equation cannot be solved exactly
because the presence of more than one electron introduces electron repulsion terms in the
Hamiltonian. Therefore, for multi-electron systems, it is not practical to obtain an exact
solution of the wavefunction. One of the commonly used approximation methods is
perturbation theory. This method is generally suitable for a system which differs in a very
small way from the one for which an exact solution is known. In such a case the total
Hamiltonian operator is a sum of the unperturbed Hamiltonian operator Ĥ 0 and a small
perturbation.
Ĥ = Ĥ0 + λĤ1

(14)

where, λĤ1 is the perturbation and λ is the expansion parameter. Let ψ0 be the
wavefunction of Ĥ 0 with E0 as its eigen value. Then, the unperturbed eigenvalue equation
is
Ĥ0ψ0 = E0ψ0

(15)

Let ψ be the wavefuntion of the Hamiltonian Ĥ, then the equation we want to solve is
(Ĥ0 + λĤ1)ψ = Eψ

(16)

If λ is set to zero then equation (16) becomes equivalent to equation (15). The effect of
perturbation λ Ĥ is to change slightly the unperturbed eigenvalue E0 to E and the
unperturbed eigenfunction ψ0 to ψ. Since ψ and E are functions of λ, we expand them in
the form of a power series as
ψ = ψ0 + λψ1 + λ2ψ2 + ….

(17)

E = E 0 + λE1 + λ2E2 + ….

(18)

where, ψn and En are the nth order corrections to the wavefunction and energy,
respectively. Before finding the solution of equation (16), one has to decide to what order
of accuracy the eigenfunctions and eigenvalues of the perturbed system are required.
Møller-Plesset perturbation calculations that include nth order corrections to the energy
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and wavefuntion are denoted as MPn. In this dissertation, only second order corrections
to the total energy were implemented (i.e. MP2). The MP2 calculations typically account
for about 80 to 90 % of the correlation energy and are most practical and widely
employed. It generally provides excellent descriptions of equilibrium geometries and
thermochemistry. We have found that the MP2 method predicts reliable structures and
vibrational frequencies for a variety of metal-ligand complexes, which give good
agreement between our measured and simulated ZEKE/MATI spectra. Because the
computing time, memory and disk space increases rapidly as the size of the system under
investigation increases, it is sometime hard to tackle the large and complex systems with
the post-HF methods.

1.3.4 Density functional theory

This is another approach to the treatment of electron correlation by including an
explicit term to account for the way in which electron motions affect each other. Density
functional theory (DFT) is different from the above wavefunction based ab-initio
methods as it is based on the electron density. Since the electron density depends only
upon three spatial coordinates in contrast to the wavefunction which depends on both
spin and spatial coordinates of all the electrons, DFT involves simpler equations.
Therefore, DFT is computationally more affordable than the MP2 method and is thus
widely used to study relatively large systems. DFT is one of the most popular and
versatile methods used in computational chemistry.
The density functional theory is based on the fact that the sum of the exchange
and correlation energies of a uniform electron gas can be calculated exactly by knowing
only its density.45 Hohenberg, Kohn, and Sham showed for the first time that the sum of
the exchange and correlation energies of the electron gas can be calculated exactly by
knowing its electron density, i.e. the electron density of the system can uniquely
determine all the properties of the ground state.46 The energy of the system can be
expressed as a functional of the electron density
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E[(ρ(r))] = T[ρ] + Ene[ρ] + Eee[ρ]

(19)

where, the first, second, and third terms are kinetic energy, nuclear-electron attraction
energy, and electron-electron repulsion energy, respectively, and ρ(r) is the electron
density as a function three spatial coordinates.
The DFT methods used in this dissertation are based on generalized gradient
approximation. Some of the gradient-corrected correlation functionals are derived by Lee,
Yang, and Parr (LYP)47 and Perdew.48,49 One of the most popular exchange functionals is
Becke's three parameter hybrid functional (B3) which includes a balanced contributions
from the exact exchange functional and the gradient-corrected exchange functional.50 The
accuracy of the DFT method is comparable to that of the MP2 method, but DFT has the
advantage of low cost.

1.3.5 Coupled cluster theory

Coupled-cluster (CC) theory is one of the most widely used computational
methods for predicting the molecular properties of moderate size molecular systems.51,52
It is one of the several post HF methods that include an operator to account for the
electron correlation.
The wavefunction of the system is written as an exponential function
ψ = eŵψ0

(20)

where ψ0 is the HF wavefunction and the ŵ is the sum of excitation operators
ŵ = ŵ1 + ŵ2 + ŵ3 + ….. (21)
where ŵ 1 is the operator of all single excitations, ŵ2 is the operator for all double
excitations and so forth. Truncation of ŵ = ŵ 1 + ŵ 2 give the coupled-cluster singles and
doubles (CCSD) method.47,53,54 Often, the frozen core approximation is used in the CC
calculations, where excitations of inner-shell electrons are omitted.

The CC

wavefunction and energy can only be solved iteratively, and the CCSD method has sixth15

order dependence on the size of the system during each iteration. For very accurate
treatment of the electron correlation, triple excitations can be included. But, the CCSD(T)
scales as the eighth power of the size of the system and is not practical for large
systems.55,56 This method takes into account the triple excitations non-iteratively. When
combined with relatively large size of the basis sets, CCSD(T) produces one of the most
accurate results for the electronic structure calculations.

1.4 Franck-Condon spectral simulation

1.4.1 Franck-Condon principle

Spectroscopy measures the transition energies and intensities among the states of
a given chemical system. During an electronic transition, the vibrational bands in an
observed progression are not all of the same intensity. In some cases, the first band, i.e.,
the 0-0 transition, is the most intense, yet in other cases, the intensity increases to the
maximum at a certain vibrational level. The transition intensities may be explained on
the basis of the Franck-Condon (FC) principle.57-59 According to the FC principle, an
electronic transition takes place so rapidly that a vibrating molecule does not change its
internuclear distance significantly during the transition and transition intensities are
proportional to the square of the vibrational overlap integral. The transition moment
(Mev) integral can be expressed as
Mev = ∫ψ*e'v'ûψe"v"dτ

(22)

where ψ*e'v' and ψe"v" are vibronic wavefunctions of the final and initial states,
respectively, and û is the transition dipole moment operator. The transition dipole
moment operator can be expressed as a linear combination of the electronic ûe and
nuclear ûn dipole operators.
û = ûe + ûn
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(23)

On the basis of the Born-Oppenheimer approximation,44 the electronic and nuclear
components of the wavefunction and the transition dipole moment operator can be treated
separately. Thus, equation (22) can be rewritten as
Mev = ∫ψ*e' ψ*v'(ûe + ûn)ψe"ψv"dτ

(24)

= ∫ψ*e' ûe ψe" dτe ∫ψ*v'ψv"dτn + ∫ψ*e'ψe" dτe ∫ψ*v' ûn ψv"dτn

(25)

Since the electronic wavefunctions of two different states are orthogonal, the last term
becomes zero. Equation (25) can be rewritten as
Mev = ∫ψ*e' ûe ψe" dτe ∫ψ*v' ψv"dτn

(26)

where, the first term corresponds to the electronic transition moment integral and the
second term is the vibrational overlap integral. Thus, for a given electronic transition with
non-zero electronic transition moment integral, the intensities (I) of vibrational transitions
within that electronic band system are proportional to the Franck-Condon Factor (FCF),
which is the square of the FC overlap integral,
I e'v'← e"v" ∞│ ψ*v' ψv"dτn│2

(27)

Similarly, the strengths of an electronic transition are given by the square of the
electronic transition moment integral.
According to group theory, the FCF will be non-zero when the direct product of
each wavefunction gives the totally symmetric representation. Under the supersonic
condition, most neutral molecules are likely to exist in the lowest vibrational level. As a
result, only totally symmetric modes of the ion complex are generally observed.
However, the asymmetric modes can also be measured from the overtone transitions (e.g.
v' = 2 ← v" = 0), because direct product of any two asymmetric vibrational will result in
a totally symmetric representation.
Consider; a transition in a diatomic molecule into an upper electronic state in
which the molecule is stable with respect to the dissociation, so that we can represent
both the upper and lower electronic states by a Morse potential. Now, there is a
possibility (not necessary) of differences in parameters such as vibrational frequencies,
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equilibrium internuclear distance, or dissociation energy between the two states. For
example, four vibronic transitions are shown in Figure 1.6. In transition 1.6(a), the lower
and upper electronic states have similar equilibrium internuclear distances. Thus, the FC
overlap of the 0-0 transition is the largest and is indicated by the vertical line and the
other transitions (1-0, 2-0, 3-0) diminish rapidly in intensity, as shown at the bottom of
Fig 1.6(a). Figure 1.6(b) shows the case where the excited electronic state has a slightly
smaller internuclear separation than the ground electronic state. A vertical transition from
the v" = 0 level of ground electronic will be most likely to occur into the upper
vibrational level v' = 2 of the excited electronic state, whereas, transitions to other lower
v' (v' = 0, 1) and higher v' (v' = 3, 4, …) vibrational levels are less likely to occur. In Fig.
1.6(c), the excited electronic state has a slightly larger internuclear separation than the
electronic ground state, but the resulting transitions and spectrum profile are similar to
Fig 1.6 (b). In Fig 1.6(d), the internuclear separation of the upper electronic state is
considerably greater than in the lower electronic state and we can see two consequences:
first, the vibrational level to which a transition takes place has a high v' value: second,
transitions can occur to a state where the excited molecule has energy in excess of its own
dissociation energy. From such v' states the molecule can dissociate and, since the atoms
which are formed may take up any value of the kinetic energy, the transitions are not
quantized and results in a continuum. The predicted spectrum is shown at the bottom of
the Figure 1.6(d). Therefore, a spectrum that contains strong a 0-0 band and short
vibrational progressions indicates a molecule that has similar molecular structure in the
initial and final states. A spectrum dominated by long progressions and a weak 0-0 band
indicates a molecule that has large structural differences between the two electronic
states. These spectral patterns can be modeled by calculating FCFs from the theoretical
equilibrium geometries, harmonic frequencies, and normal coordinates of the neutral and
ionic states obtained from ab-initio calculations.
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1.4.2 Multidimensional Franck-Condon factors

The calculation of multidimensional FCFs is typically simplified by using the normal
mode and harmonic approximations. However, even with these approximations, they are
still difficult to calculate. The normal modes of the ion may be displaced and rotated from
those of the neutral states, known as the Duschinsky effect.60 Duschinsky transformation
assumes a linear and orthogonal transformation between the normal coordinates of the
two electronic states. Often this transformation is neither linear nor orthogonal according
to the axis switching effect that is active during an electronic transition.61-63 Despite these
issues, several theoreticians have developed an exact expression to calculate
multidimensional harmonic FC overlap integrals.64-76 These calculations use the
theoretical equilibrium geometries and harmonic vibrational frequencies and normal
modes of the neutral and ion. The simulation program used in the dissertation treats the
axis-switching effects by applying a zeroth order Eckart matrix, and off diagonal
elements are diminished with each rotation. More mathematical and computational
details can be found in Shenggang Li’s Ph.D. dissertation.77 His FCF program (V 4.6) is
used for the present studies.
There are few steps we followed to obtain the spectral simulation of a transition
using this program. First, the PreFCF program (v 4.6) is used to create an input file
(fcf.inp) which contains atomic masses, equilibrium geometries, harmonic vibrational
frequencies, and normal coordinates of the neutral and ionic complexes. Second, a
number of parameters in the input file were adjusted to obtain a simulation close to the
measured ZEKE/MATI spectrum. For example, vibrational temperatures, vibrational
energies, active modes and quanta, spectral range and linewidths, and display threshold
of the simulation can be adjusted.
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Figure 1.1 Simplest possible experimental setup of spectroscopic measurements.
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Figure 1.2 In conventional PES (a), the wavelength is fixed and the kinetic energies of
ejected electrons are measured. In PFI-ZEKE/MATI (b), the wavelength is scanned while
only those electrons/ions with zero kinetic energy are detected.
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Figure 1.3 Compares photoionization efficiency He-I-PES38 (a), and ZEKE (b) spectra of
Cr-bis(benzene)41. Adapted with permission from Organometallics 1994, 13, 1190-1199.
Copyright 1994 American Chemical Society.
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Figure 1.4 Schematic for threshold photoionization electron detection.
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Figure 1.5 Thermodynamic relationship between the bond dissociation energies (BDEs)
and ionization energies (IEs) of metal complexes as a function of the potential energy
surfaces. IEM-L = ionization energy of the M-L complex; IEM = ionization energy of bare
metal atom; D0(M-L) = bond dissociation energy of neutral metal-ligand complex;
D0(M+-L) = bond dissociation energy of ionic metal-ligand complex.
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Figure 1.6 (a) Ground state and ionic state with similar geometry, (b) ground state with
longer bond than the ionic state, (c) ground state with shorter bond length than ionic state,
(d) ionic state much more weakly bound than the ground state.

Copyright © Sudesh Kumari 2014
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CHAPTER 2. METHODOLOGY

2.1 Experimental apparatus

2.1.1 Introduction

In this chapter detailed experimental and computational methods will be discussed.
Metal complexes produced by metal association with aromatic ligands and metal assisted
bond activation of small olefins were studied using photo-ionization efficiency
spectroscopy, zero-electron kinetic energy spectroscopy, and mass-analyzed threshold
ionization, as well as quantum chemical calculations and spectral simulations.

2.1.2 General experimental procedure and time sequence

A general scheme of our experimental set-up is shown in the block diagram of Figure
2.1. The metal atoms are prepared by laser ablation of the desired metal rod and carried
by the carrier gas such as helium, argon, or a mixture of them in different ratios. The
ligand can be introduced in a number of ways. For example, via a capillary downstream
of ablation, mixed with carrier gas in different concentration, and by some other ways
that will be discussed in detail in specific chapters. After supersonic expansion, the
collimated molecular beam travels to the spectroscopy chamber, where the molecular
species are photoexcited or photoionized by the second harmonic output of a dye laser
(Lumonics, HD-500) pumped by the second or third harmonic output of a Nd:YAG laser
(Continuum, Surellite II). Molecular species are ionized, and the intensity of electrons or
cations is recorded by a dual microchannel plate (MCP) detector (Burle 25/12/12 D EDR
40:1 MS). This analog signal is amplified by a preamplifier (Stanford Research Systems
SR 445), averaged by a boxcar (Stanford Research Systems SR 250), and digitally
converted by an analog-to-digital convertor. The final output is stored in a personal
computer. The sequence of experiment is controlled by the personal computer unit. The
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timing of each event in the experiment is controlled by a pulsed-delay generator
(Stanford Research Systems DG535). First of all, the home made pulsed valve driver of
the piezoelectric valve is triggered. This driver controls the time, width, and voltage
magnitude of the gas pulses. After 30-100 µs of delay the flash lamp of the ablation laser
Nd:YAG (Minillite) is triggered. The metal atoms produced by ablation are carried by the
carrier gas and collide with organic ligand vapors to produce various products. Next, after
supersonic expansion and collimation by a, skimmer the species in the molecular beam
are photoionized by a frequency doubled dye laser, pumped by a Nd:YAG laser. Thus,
there is almost no time delay between the pump laser and frequency doubled UV laser
beam. The second Nd:YAG laser is triggered after the first laser, the delay depends upon
the carrier gas i.e. 200 to 350 µs and 600 to 800 µs, for He and Ar carrier gas,
respectively. In an electron collection experiment, after the UV photo-excitation, a pulsed
field is applied after a delay of 3 µs. A fourth trigger is applied to the oscilloscope
(Tektronix Digital Phosphor Oscilloscope TDS3000) to monitor the various events. The
oscilloscope is triggered by the same trigger used for the pulsed electric field to monitor
the appearance of the various ionized species.

2.1.3 Specific experimental details and complex formation

Metal-ligand complexes were prepared in a supersonic jet and are studied by ion
and electron spectroscopy. The schematic diagram of the home-built laser-vaporization
cluster beam ZEKE spectrometer is shown in Figures 2.2 and 2.3. This apparatus consists
of two vacuum chambers separated by gate valve (GV). The source chamber is a fourteen
inch cubic chamber that contains a metal rod for producing metal atoms and a skimmer to
collimate the molecular beam along with the deflection plates. This chamber is evacuated
by a 2200 L/s oil diffusion pump (Edwards Diffstak 250/2000M) to a base pressure of
about 10-7 Torr, backed by a two-stage rotary pump (40 L/s, Edwards E2M40). The
pressure in the chamber and foreline are measured with an active gauge (Edwards AIMS-NW26) and an active pirani gauge (Edwards APGX-L-NW25), respectively, which are
monitored by an active gauge controller (Edwards D386-51-800). A home made
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piezoelectric pulsed valve is used to deliver intense gas pulses of helium, argon, or
mixture of helium-argon mixtures (UHP, Scott-Gross). The backing pressure of the
carrier gas is varied in the range of 40-80 psi depending upon the experiment, but
typilcally 40 psi. About 1 cm after the pulsed valve, the second harmonic output from the
pulsed neodymium doped yttrium aluminum garnet (Nd:YAG) laser (Continuum Minilite
II, 532 nm, 2-4 mJ) is used as the ablation source. A motor driven device (Micro Motor
Electronics 1516E012S) is used to rotate and translate the metal rod to ensure that each
laser pulse ablates a fresh metal surface. The surface of the metal rod was smoothed with
fine sand paper prior to ablation. Metal oxides on the metal surface can be removed by
ablating the metal rod for 1-2 hours prior to the experiment. To increase the production of
metal atoms, a 30 cm focal length lens is used to focus the laser beam onto the metal rod.
The focus of the laser can be adjusted by moving the lens back and forth to maximize the
production of metal vapors. In addition, the amount of metal atoms produced can be
increased by adjusting the power and the speed of metal rod rotation. Metal atoms
produced by using the ablation laser are entrained in the carrier gas pulses and carried to
the clustering tube. The methods of ligand introduction depend on the individual
experiments and will be discussed in detail in the particular chapters. In general, the
vapor of the liquid/gas ligand is introduced at room temperature through a stainless-steel
capillary (inner diameter of 0.013 cm) to a small collision chamber or to the face plate.
The amount of ligand vapor introduced to the chamber is controlled by the main gas
valve and a needle valve. In addition, ligand vapors can be mixed with carrier gas in
different concentration. The previous arrangement is more useful in the case of less
volatile or corrosive ligands to protect the pulsed valve. The reactions between the metal
atoms and ligand vapors occur in the clustering tube. The clustering tube is about 2 cm
long with an inner diameter of nearly 2 mm. It was attached to the face plate of the metal
rod assembly. The production of the desired metal complex can be maximized by altering
the concentration of the ligand, the backing pressure of the carrier gas, the timing and
width of the gas pulse, the timing, focus, and power of the ablation laser, and the length
and shape of the clustering tube.
The molecular beam with the various complexes seeded in the carrier gas is expanded
supersonically into the high vacuum chamber through the nozzle of the clustering tube
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and results in a supersonic expansion.78 With a high gas pressure, the expansion can be
considered as adiabatic and as a result the temperature of the molecular beam drops
during the expansion. Moreover, the mean free path of the molecules in the molecular
beam is much smaller than the diameter of the expansion orifice (about 2-4 mm), so these
molecules suffer many collisions with carrier gas during the supersonic expansion. The
supersonic expansion converts the rotational and vibrational internal energies of the
molecular species to translational energy along the molecular beam axis. Since the
rotational-translational energy transfer is more efficient than the vibrational-translational
energy transfer, the rotational temperature of the complexes is typically much lower than
the vibrational temperature. This helps to improve the spectral resolution and simplify the
spectrum and also helps to prevent the dissociation of weakly bound metal complexes.
Depending on the relative ratios of the helium and argon, the temperature of the
molecular beam can be lowered to between 50 and 300 K.
At about 3-5 cm downstream, the molecular beam is collimated by a conical skimmer
with a 2 mm diameter orifice to select the portion of molecular beam collinear with the
clustering tube. The larger the separation between the skimmer and clustering tube the
cooler the molecular beam, but with smaller signal because of lower beam density.
During ablation of the metal rod a variety of species can be produced including neutral
metal atoms, cations, and even anions. To prevent any charged species from entering into
the detection chamber, after the skimmer the molecular beam passes through a pair of
deflection plates to remove the residual charged species produced during ablation. One of
the plates is charged with +500 V from a dc high voltage supply (Stanford Research
Systems PS350), while the other is grounded. This allows only neutral species to enter
the spectroscopic chamber. The two chambers are separated by a gate valve (MDC GV2000V-P) controlled electronically. This works as protection for the detector in the
spectroscopic chamber as it closes automatically if the pressure in the spectroscopic
chamber reaches higher than the set threshold.
The spectroscopic chamber consists of a two-field, space-focused, Wiley-McLaren
time-of-flight (TOF) mass spectrometer with a 34 cm long and 4 cm diameter flight tube
surrounded by a double layer of µ-metal shielding to isolate the spectrometer from
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external magnetic fields.79,80 The µ-metal contains about 75 % nickel and 15 % iron with
a small amount of copper and molybdenum. This metal alloy due to its high permeability
is very effective to screen external magnetic fields particularly the earth’s magnetic field.
The µ-metal shield is particularly important for the detection of electrons due to their
high susceptibility to external fields. At the top of the TOF is a dual MCP to detect ions
and electrons and at the bottom is a pair of aluminum extraction cans to accelerate ions or
electrons towards the detector. The inner and outer extraction cans were drilled with 2.5
cm diameter holes to allow the molecular beam and UV to travel through the
spectroscopy chamber. To reduce the inhomogeneity of the electric field, a gold mesh (95
% transmittance) was used to cover the extraction can holes between the molecular beam
and the MCP detector. The chamber is evacuated by two turbomolecular pumps (450 L/s,
Seiko Seiki STP451), each backed by a two stage rotary mechanical pump (3.95 L/s,
Edwards RV12). The pressure in the chamber is about 10-9 Torr in standby condition and
increases to 10-6-10-7 Torr in working condition.
The vibrationally cooled complexes in the molecular beam are photoexcited by
the frequency doubled output from a dye laser pumped by the second/third harmonic of a
Nd:YAG laser. The output is doubled by an angle-tuned BBO (beta-Ba2B2O4) crystal in
an autotracker (Lumonics HyperTRAK-1000). A wavelength range of 210-300 nm was
obtained. The ionization laser is expanded to reduce the photon density and lower the
probability of multiphoton processes. The laser pulse is adjusted to optimize the
ionization of the desired complex. This can be achieved because different species travels
at different speeds in the molecular beam due to their different masses and reach the
ionization region at different times. This step is important to avoid interferences in the
ZEKE signal from other species present in the molecular beam. The photoexcited species
are field-ionized and are extracted and accelerated upward towards the MCP detector by
a dc voltage applied on the pair of cylindrical metal cans. The outer can has +2500 V and
on the inner can it is +1700 V, giving an electric field of 320 V/cm in the ionization
region. The accelerated ions collide with the front plate of the MCP electrons are ejected
from micro channels on its surface. Each MCP has an array of electron multiplier
channels. Thus, when an ion enters into the channel with sufficient kinetic energy, burst
of electrons is released from the wall. These electrons are accelerated by the electric field
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and then collide with the next plate of the MCP to produce even more electrons. In such a
situation, a single input generates a pulse of 106 or more electrons as the output. These
electrons are collected by the anode, which has more positive potential compared to
MCP.

This spectrometer is used to record TOF mass spectra, PIE spectra, PFI-ZEKE

spectra and MATI spectra. The details of each of these will be discussed in the following
sections.

2.1.4 Time of flight mass spectrometry

The identity of the species present in the molecular beam is determined by time of
flight (TOF) mass spectrometry. Positively charged ions are produced by direct
photoionization and accelerated to the detector through the field-free region by applying
voltages to the extraction cans. The MCP detector is in a chevron configuration. To detect
ions, a dc potential of -1950 V is applied to the input of the voltage divider unit by a high
voltage (Stanford Research Systems PS350) power supply. From this set-up, each MCP is
charged about -900 V, and a signal amplification of 106-107 is achieved. The voltages on
each MCP and anode are indicated in Figure 2.4. From the voltages and distance values
shown in Figure 2.4, the electric fields can be calculated. The electric field lines points
from the positive charge towards the negative charge. The electric field between the
middle MCP and anode is much smaller, as the purpose of the field is to direct the
electron signal to the anode. Electrons are received by the anode and the resulting electric
current is monitored on the oscilloscope as voltages. These voltages are directly
proportional to the ion signal intensities.
Ions of different charge to mass ratio are differentiated by the flight time. The
potential energy used to accelerate the monocations is kept constant. Thus, the kinetic
energy of all the ions during the flight from ionization region to the MCP is the same.
Hence, the various charges to mass ratios can be easily determined by their relative flight
times. For example, an ion peak appears at 3.66 (1.42) µs in the mass spectrum only
when an aluminum rod (He carrier gas) is ablated in the sources chamber. The peak at
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3.66 µs is related to the signal of the aluminum cation. The flight time comparison with
the aluminum peak can be used to calculate the mass of the molecular cations present in
the molecular beam, and the identification of the species can be achieved. The mass of
the molecule can be calculated by the following equations:
Two ions with masses m1 and m2 will have same total kinetic energy (KE)
KE = ½(m1v12) = ½(m2v22)

(a)

where v1 and v2 are the velocities of each ion. The average velocities of these ions can be
determined, because the traveling distance is fixed (d ~34 cm) and the relative timings (t1
and t2) are recorded. Using the relation v = d/t, the equation (a) can be written as
½m1(34/t1)2 = ½m2(34/t2)2

(b)

now,
m1 = m2(t1/t2)2

(c)

Thus, if the flight time of the one species is known, then the mass of any other
species can be determined by using the above equations. A more reliable way is to use
the time of the metal atomic line as a reference to define the masses of the ion peaks in a
particular metal system. Since only the metal and ligand vapors are introduced into the
chamber, the identification of the molecular species is often straightforward through the
mass determination.

2.1.5 Photo-ionization efficiency spectroscopy

After TOF mass spectrometry, the ionization threshold of the desired species is
estimated by photo-ionization efficiency (PIE) spectroscopy. A molecule is photoionized
when the energy of the incident photon is greater than the ionization energy of the
molecule. As the photon energy is increased, the photoionization efficiency is enhanced
and more states are ionized. Below the ionization threshold, excited neutral molecules
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may be photoionized, although the signal is usually smaller due to the lower population
of the excited states. A PIE spectrum is obtained by recording the ion signal intensity of a
mass-selected ion as a function of the scanning laser wavelength across the ionization
threshold. The intersection between the baseline and sharp increase of the ion signal
indicates the first ionization threshold of the molecule. Because the ionic states
population in the PIE spectroscopy is not separated, the PIE spectra are integrated over
all the populated ionic states. As a result vibrational structure is rarely observed in the
PIE spectra of metal-ligand complexes. If any vibrational structure is resolved, then a
staircase structure is observed due to the integral nature of this spectroscopy. Although
PIE spectroscopy is a low resolution method and the accuracy of the estimated threshold
depends upon the sharpness of the PIE spectrum. Since a dc field is applied in the
ionization region the estimated threshold energy is red shifted by the Stark field effects.
The dc field is used for both ionization and extraction of the metal ligand complexes. The
shift (ΔE) induced by the field is given by ΔE = 6.1(E)-1/2, where E is the electric field
strength in V/cm. The 320 V/cm electric field used in the photoionization experiment
decreases the approximate ionization energy by about 110 cm-1. Therefore a correction of
110 cm-1 is applied to the IE value measured from the PIE spectrum. However, a delay
between the ionization laser and the extraction field of about 10 µs in helium carrier gas
(~ 40 µs in argon) can get rid of the Stark field correction. This pulsed field act as the
extraction field and the molecule is ionized by the UV photon. The PIE spectra of
La(C4H6) complex obtained with dc (a) and pulsed-field (b) extraction are presented in
Figure 2.5. As discussed earlier the dc field underestimates the ionization energy by
nearly 110 cm-1. The ionization energy measured from the PIE spectroscopy is used to
simplify the search for the ZEKE signal.
2.1.6 ZEKE spectroscopy

Figure 2.6 shows the schematic for the generation and detection of ZEKE electrons.
ZEKE measurements are similar to PIE measurements, except electrons are detected
instead of cations. The polarity of voltages applied on the extraction cans needs to be
changed to repel the oppositely charged electrons towards the detector. Similarly, the
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voltages on the MCP detector must also be inverted to attract the incoming electrons.
First, the excitation laser is positioned such that the UV beam intersects the lower mass
distribution of the molecular beam because most of the complexes of our interest are
usually formed by one or two ligands with one metal atom (e.g. 1-1, and 1-2 metal
complexes) which are comparatively much lighter than the other products in the
molecular beam (e.g. 1-3, 2-2 complexes). This is crucial as the chance of observing
unwanted or background ZEKE signal from other species can be reduced significantly.
The desired neutral complexes are photoexcited to high-lying Rydberg states by the
excitation laser. These excited neutral complexes are only few cm-1 (3-5 cm-1) lower than
the ionization threshold but still they are neutral molecules. Hence, these molecules in
Rydberg states will not be affected by the dc field. The lifetime of the neutral molecules
in the high lying Rydberg states are typically a few µs due to l and ml-mixing, induced by
homogeneous and inhomogeneous electromagnetic fields present in the chamber.
Meanwhile, some molecules or atoms can be directly photoionized by the excitation laser
and are repelled by a small dc field of -0.06 V/cm. After a delay of 3-4 µs, a pulsed
electric field of magnitude -1.2 V/cm is applied to the outer extraction can to remove the
ZEKE electrons from these Rydberg state molecules, whereas the inner can is grounded
during the ZEKE measurements. This delay of a few (3-4) µs is sufficient to separate the
kinetic electrons from the ZEKE electrons. A smaller pulsed electric field will ionize
those Rydberg states closet to the ionization threshold and yield more accurate ionization
energy, but consequently will decrease the ZEKE signal. In addition, the longer the delay
time between the ionization laser and the pulsed electric field, the better will be the
separation of ZEKE electrons from other interferences. However, the magnitude of the
ZEKE signal is also influenced by the life-time of the high-lying Rydberg state
molecules.
The ionization field also serves as an extraction field for the ZEKE electrons as the
inner can is grounded. Moreover, the resulting electrons are directed towards the MCP
detector by focusing the electrons into the TOF tube by applying a small dc field of 5 V
to the tube. In contrast to cation detection, the electrons are accelerated to a higher speed
by applying a positive voltage (+2050 V) to the MCP. The voltage divider is shown in
Figure 2.7. This resister–capacitor circuit is more complicated than the circuit used in the
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ion detection. As the polarity on each plate is reversed in comparison to ion detection, a
large positive potential is applied to the anode to attract the amplified electrons. In order
to prevent high voltage damage to other electronic devices such as the preamplifier,
boxcar, and oscilloscope, this electron signal is capacitively decoupled from the anode.
Hence, this circuit contains capacitors to help this process. Finally, to obtain the ZEKE
spectrum, the ZEKE electron signal is recorded as the wavelength of the photoexcitation
laser is scanned from a few hundred wavenumbers below the ionization threshold to a
higher energy region, until no further signal is seen. After each experiment, the ionization
laser wavelengths are calibrated against vanadium and titanium atomic transitions. The
ionization energy obtained from the ZEKE spectrum is only a few wavenumbers lower
than that from the neutral molecule. By applying a series of pulsed electric fields of
different strengths, the ZEKE transition energy can be extrapolated to that of the neutral
molecules. However, the extrapolation was not performed in these studies due to limited
ZEKE signal size and the small width of the peaks (about 5 cm-1). Moreover, the
ionization cross section is continuous across the ionization threshold, so ZEKE electrons
from field ionization of these Rydberg states carry the same information as ZEKE
electrons from direct photoionization. The intensity profile of the ZEKE spectrum from
pulsed field ionization is therefore the same as that from direct photoionization.

2.1.7 MATI spectroscopy

In contrast to electron detection, in MATI the ions are collected and accelerated to
high speeds by applying a negative potential on the front MCP. Thus, the same voltage
divider used for PIE spectroscopy is used for MATI measurements. As discussed in the
previous chapter, neutral molecules are first photoexcited to high-lying Rydberg states
before applying the extraction pulse to ionize the excited molecules in the Rydberg states.
Similar to a ZEKE experiment, during photoexcitation some of the neutral molecules can
be ionized as well. In order to separate the MATI and prompt ions, a dc fied of about 1020 V (spoiling field) is applied on the upper can to repel the prompt ions. During this
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process, the molecules excited to the Rydberg states are still neutral and thus, will not be
affected by the applied dc voltage and will stay at the same position on the TOF mass
spectrum. However, the prompt ions produced by the direct UV ionization are shifted to
the larger mass direction. As ions are much heavier compared to electrons they travel
much more slowly. Therefore, the time delay between the excitation laser and the electric
pulses is varied to maximize the MATI signal and is typically about 10-20 µs for He
carrier and 20-30 µs for Ar.

2.2 Computational methodology

Along with experimental measurements, quantum chemical calculations are also
performed for these metal-ligand complexes. These studies were used to compare and
analyze the experimental spectrum. From these studies, the structure of the complexes or
different isomers are identified by geometry optimization and characterized by
vibrational frequency analysis. For these calculations the GAUSSIAN0381 and/or
MOLPRO 201082 packages are used. They are installed on the supercomputer located in
the Centre for Computational Science in the University of Kentucky. These calculations
are used to predict molecular structures, electronic states, relative energies, vibrational
frequencies and transition states. Usually, different possible structures, isomers and
conformers of the molecular systems are first optimized using DFT methods such as
(Becke’s three parameter hybrid exchange functional (B3) combined with the gradientcorrected correlation functionals of Lee, Yang, and Parr (LYP). Depending upon how
well DFT can handle the molecular system, further calculations are also done with
second-order Møller-Plesset perturbation theory (MP2). Coupled cluster theory with
single and double excitations with perturbative correction of the triples (CCSD(T)) are
used for single point energy calculations. For carbon, hydrogen, and nitrogen atoms,
Pople’s triple zeta basis set with polarization and diffuse functions (6-311+g(d,p)) are
used. For metal atoms either 6-311+g(d,p) (Sc)

or the Los Alamos effective core

potential double zeta (LANL2DZ) or Stuttgart Dresden effective core potential (SDD)
basis sets are used. The electron configurations of some of the f block metal complexes
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are studied by the state-average complete active space self-consistent field (SA-CASSCF)
method implemented in the MOLPRO 2010 program.
First, the optimized structure of the free ligand is located to obtain the molecular
structure and understand the possible metal binding sites. The geometry optimization of
the free ligand helps to understand the extent of perturbation induced by the metal
coordination on the ligand. The next step is to determine the stationary points on a
potential energy surface of the metal-ligand complex. The stationary point is the
geometry where the first derivative of the energy with respect to all displacements of the
nuclei is zero. If the change in the displacement of the stationary point leads to an
increase in total energy in all directions, it is local minimum on the potential energy
surface. The local minimum with the lowest energy is the global minimum which is the
most stable isomer. However, if the coordinate change leads to a decrease in energy along
one direction, the stationary point is a transition state. For a transition state, there is an
imaginary frequency but for global minimum all frequencies are positive. Local
minimum energy structures have only real frequencies but the global minimum energy
structure is the configuration with the lowest electronic energy. From the optimization
output, various information including equilibrium geometry, molecular symmetry,
electronic state, electronic energy, atomic charges, and molecular orbitals can be
determined. Similar to the optimization output file the frequency output file gives the
vibrational modes, frequencies, force constants, and zero point energy which are
necessary for the spectral simulation.
Along with the different geometries, the possible spin multiplicities of the complexes
need to be considered. The ionization energy of the ligands studied in this work is higher
than those of the metal atoms and has the singlet ground electronic state. Therefore, the
molecular spin multiplicities of the metal complexes depend on the electron configuration
of the metal atom.
In this dissertation, group 3 and 6 and f block metal complexes are studied and have
different numbers of valence electrons. If none of the valence electrons are paired, then
the complex will have the highest electron-spin multiplicity (2S+1, S is half the number
of unpaired electrons). Thus, for each configuration of the metal complex, several
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electron-spin states are considered. As a result, the complex with transition and f block
metal atoms consumes more computational time and the calculations are more
complicated. In such cases, the complexes studied previously in the group are a useful
resource. After obtaining the lowest energy structure of the ligand, the neutral and the
monocation complex is calculated using the same method and basis sets. The results from
the calculations are compared with the experimental results to determine the reliability of
the calculations.
The ZEKE/MATI spectra are simulated by using the frequency output files of the
structures without any imaginary frequency in the FCF program written by Dr.
Shenggang Li and Dr. Dennis Clouthier. For the simulation, the multidimensional
Franck-Condon factors are calculated from the equilibrium geometries, harmonic
vibrational frequencies, and normal coordinates of the neutral and ionized complexes
obtained from the Ab-initio calculations.83,84 The Duschinsky effect60 is considered to
account for the normal mode difference between the neutral and ionic complexes in the
FC calculations. Spectral broadening is taken into account by giving each line a
Lorentzian line shape with the measured line width. Moreover, electronic transitions from
the excited vibrational levels of the neutral complex are considered by assuming probable
thermal excitations at specific temperatures using a Boltzmann distribution. The
vibrational temperature ranges considered in simulating the spectra are from 50 to 300 K
with an increment of 50 K. The best simulations at the specific vibrational temperatures
are used to estimate the vibrational temperature in the molecular beam. To simplify the
comparison of the simulated and measured spectra, the simulated spectrum is shifted to
match the experimental ionization energy of the metal complexes, keeping the vibrational
frequencies and intensities the same.
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Figure 2.1 Block diagram of the experimental setup. PV = piezoelectric valve; M = metal
rod; MCP = microchannel plate detector; PVD = pulsed valve driver; Nd:YAG =
Neodymium: Yttrium aluminum garnet; MCP = microchannel plate detector; PA =
preamplifier; ATD Converter = analog-to-digital converter; PC = personnel computer.
The PVD, both Nd:YAG, boxcar and oscilloscope are triggered by the pulse delay
generator 1st, 2nd, 3rd, and variable (V) in time, respectively. Solid black arrows indicate
the paths of molecules, atoms, ions or electrons; big-dashed arrows show the laser beam
directions; small dotted lines represent the connection between different hardwares.
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Figure 2.2 Schematic diagram of the home-built laser vaporization cluster beam source.
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Figure 2.3 Expanded views of face plate and deflection plates in the source chamber.
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Figure 2.4 Schematic diagram of the voltage divider used for ion detection.

42

38800

39200

39600

40000

Wavenumber (cm-1)
Figure 2.5 The PIE spectra of La(C4H6) with dc (a) and pulsed field (b) extraction
fields.
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Figure 2.0.6 Schematic diagram for the generation and detection of ZEKE electrons.
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Figure 2.7 Schematic diagram of the voltage divider used for electron detection.
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CHAPTER 3. HIGH-RESOLUTION ELECTRON SPECTROSCOPY AND
ROTATIONAL CONFORMERS OF GROUP 6 METAL (Cr, Mo, and W)
BIS(MESITYLENE) SANDWICH COMPLEXES
Parts of this chapter are taken from “Rotational conformers of group VI metal (Cr, Mo,
and W)bis(mesitylene) sandwich complexes” J. Phys. Chem. A, 2013, 117 (50), 13336–
13344.
3.1 Introduction

Transition metal-bis(arene) complexes are one of the best-known classes of
organometallic π complexes and are extensively studied in the solution85 and gas86-88
phases. Because they are 18-electron, coordinately saturated compounds and can be used
as stable precursors, group 6 M-bis(arene) (M = Cr, Mo, and W) complexes have
received the most attentions among the metal sandwiches in gas-phase chemistry and
spectroscopy. Most of the earlier gas-phase work focused on the measurements of the
ionization energies of the complexes using photoelectron spectroscopy or mass
spectrometry.38,89-100 More recently, the gas-phase measurements have been extended to
collision

induced

dissociation,101

97,98,101-104

photoabsorption,

radiative

photoionization

association

kinetics,102

ultraviolet

105

resonance

enhanced

efficiency,

multiphoton,106-108 mass-analyzed threshold ionization (MATI),109-113 and pulsed-fieldionization zero-electron-kinetic-energy (ZEKE)114,115 spectroscopy.

We have recently investigated the conformational isomers and isomerization of
group 6 M-bis(benzene) and M-bis(toluene) complexes in supersonic molecular beams,
using ZEKE spectroscopy and quantum chemical calculations.114,115 We have found that
the M-bis(benzene) sandwich complexes prefer the eclipsed conformation in both neutral
and cationic states. The staggered conformer is a transition-state structure and has a
slightly higher energy (~1.0 kcal mol-1) than the eclipsed conformer.115,116

The

conformational preference of Cr-bis(benzene) in the gas phase is the same as that in the
crystalline state.117-119 Upon the substitution of a hydrogen by a methyl group in a
benzene molecule, a total of seven rotational isomers are expected for a M-bis(toluene)
sandwich complex. Among which, four are in the eclipsed forms with methyl-methyl
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dihedral angles of 0, 60, 120 and 180o, and three in the staggered forms with the dihedral
angles of 30, 90, and 150o.120,121 We have identified all four eclipsed rotamers for Crbis(toluene), three for Mo-bis(toluene), and two for W-bis(toluene).114 Moreover, we
have observed that conformational conversion occurred from He to He/Ar to Ar
supersonic expansions and the conversion efficiency increased as with the increase of the
carrier gas masses. The rotational isomers of Cr-bis(toluene) were also investigated by
MATI and electronic absorption spectroscopic measurements.121,122 For all three metal
sandwiches, the most stable rotamer is in the complete eclipsed configuration with 0o
rotational angle. The three staggered rotamers are transition-state structures, which are
about 1.0 kcal mol-1 above the eclipsed forms. In the condensed phases, the phenyl rings
in the Cr-bis(toluene) cation are essentially free to rotate in isotropic solutions, but they
are locked in place by the surrounding anions in the solid state and adopt the
conformation dictated by the energetics of the lattice formation.123 Thus, cis- (00) and
pseudo trans- (1800) eclipsed forms have been identified for the Cr-bis(toluene) cation in
the solid state.123-127

In this work, we extend our study to investigate the conformational isomers of
group 6 M-bis(mesitylene) sandwich complexes in the gas phase, where mesitylene is a
benzene derivative with three methyl group symmetrically placed on the ring, i.e., 1,3,5trimethylbenzene. For a M-bis(mesitylene) sandwich complex, three rotational
conformers are expected, that is, the 0 and 600 rotamers in the eclipsed forms and the 30o
rotamer in the staggered form. X-ray structural analysis of the compounds consisting of
the Cr-bis(mesitylene) cation and various counter anions in the solid state has indicated
that the conformation of the mesitylene rings in the Cr cation depends on the steric
demand of the anion and tends to be the staggered form as the dimensions of the anion
becomes smaller.85,123,124,128,129 These observations are different from the Cr-bis(benzene)
and Cr-bis(toluene) cations, for which eclipsed forms are preferred.

The major

motivation of this work is to examine if the conformational behavior of Mbis(mesitylene) is different from M-bis(benzene) and M-bis(toluene). By studying the
three complexes with metal elements in the same group of the periodic table, we hope to
examine the metal size effect on the conformational stability and relaxation of these
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species. To study the conformational behaviors, we use the synergetic approach of
combining the ZEKE spectroscopic measurements with quantum chemical calculations
and spectral simulations. This approach has been proven to be effective in determining
the structures and electronic states of metal-arene complexes.41,114,130

3.2. Experimental and computational methods

The metal-cluster beam ZEKE spectrometer used in this work was described in a
previous publication.131 The group 6 transition metal-complexes were prepared by
reactions of gaseous metal atoms with mesitylene vapor (C6H3(CH3)3, 99%, Aldrich) in a
pulsed-laser vaporization cluster beam source. The metal atoms were produced by
pulsed-laser (Nd:YAG, 532 nm, Continuum Minilite II) vaporization of a metal rod (Cr,
99.7%, Goodfellow; Mo, 99.95%, Aldrich; W, 99.95%, Goodfellow) in the presence of
He or Ar carrier gas (ultra high purity, Scott-Gross) or a mixture of He/Ar at ~40 psi.
These gases were delivered by a homemade piezoelectric pulsed valve.132 The mesitylene
vapor was introduced at room temperature to a small collision chamber located 2-3 cm
downstream of the ablation point through a stainless steel capillary. The metal complexes
formed in the collision chamber were expanded into the vacuum to form a jet-cooled
molecular beam. The resultant molecular beam was then collimated by a cone shaped
skimmer (2 mm inner diameter) and passed through a pair of charged deflection plates
(+500 V) to remove residual ionic species formed during laser ablation. The neutral
products in the molecular beam were identified by photoionization time-of-flight mass
spectrometry. The ionization laser beam was the frequency-doubled output of a tunable
dye laser (Lumonics HD-500), pumped by the third harmonic output of a Nd:YAG laser
(Continuum Surelite II, 355 nm).

Ionization thresholds of the complexes were located using photoionization
efficiency (PIE) spectroscopy by recording the mass-selected ion signal as a function of
the ionization laser wavelengths. ZEKE electrons were produced by photoexcitation of
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the neutral complexes to highly excited Rydberg states, followed by field ionization of
these Rydberg states with a 3 µs delayed, pulsed-electric field (1.2 V cm−1, 100 ns). A
small dc field (0.06 Vcm−1) was applied to discriminate ZEKE electrons from the kinetic
electrons produced by direct photoionization. A delay pulse generator (Stanford Research
Systems DG535) was used to generate the electric field for ionization. Both ion and
ZEKE electron signals were captured by a dual microchannel plate detector, amplified by
a preamplifier (Stanford Research Systems SR445), averaged by a gated integrator
(Stanford Research Systems SR250), and stored in a laboratory computer. The excitation
laser wavelengths were calibrated against vanadium or titanium atomic transitions in the
wavelength range of the ZEKE spectra.

Molecular

geometry

and

vibrational

frequencies

were

calculated

with

GAUSSIAN09 program package.81 In these calculations, we used Becke’s three
parameter hybrid functional50 with correlation functional of Lee, Yang, and Parr
(B3LYP),133 the triple-split-valence basis set 6-311+G(d,p) for C, H, and N, and the
pseudo-core-potential LanL2DZ basis set for Cr, Mo, and W atoms. The B3LYP
functional was selected because the previous studies have shown that this method yielded
good agreement with the experimental ZEKE spectra of metal-arene complexes.115,131,134

Multidimensional Franck-Condon (FC) factors were calculated from the
equilibrium geometries, harmonic vibrational frequencies, and normal coordinates of the
neutral and ionized complexes.135 The Duschinsky effect60 was considered to account for
normal mode differences between the neutral and ionic complexes in the FC calculations.
A Lorentzian line shape with the experimental linewidth was used to simulate spectral
broadening. Transitions from excited vibrational levels of the neutral complexes were
simulated by assuming thermal excitations at specific temperatures.
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3.3. Results and discussion

3.3.1 Theoretical predictions

Figure 3.1 presents relative electronic energies as a function of dihedral angles
between the methyl groups on the two mesitylene rings of Cr-bis(mesitylene) predicted
by B3LYP/DFT calculations. As shown by the figure, Cr-bis(mesitylene) has three
possibly eclipsed (0, 60, and 120o) conformations and two staggered (30 and 90o) ones.
The eclipsed conformers are energy minima, while the staggered ones are transition-state
structures at about 250 cm-1. Among the three eclipsed conformations, the 0 and 120o
rotamers are energetically equivalent and slightly more stable than the 60o one. The
conformational preference of Cr-bis(mesitylene) is the same as that of Cr-bis(benzene)
and Cr-bis(toluene), for which the staggered conformations are also the transition-state
structures.114,115 The potential energy curves of Mo-bis(mesitylene) and Wbis(mesitylene) are different from that of Cr-bis(mesitylene) (Figure 3.2). Although the 0
and 120o rotamers are still the global energy minima, the potential energy well of the 60o
rotamer is so flat that the energy is essentially the same in the dihedral angle range of 50
to 70o. However, the vibrational analysis shows no imaginary frequency for the 60o
rotamer, suggesting that it is a local minimum. Another major difference is that the
staggered conformers (30 or 90o) are no longer stationary points on the potential energy
surface.

Table 3.1 summarizes the low-energy electronic states and molecular point groups
of the eclipsed conformers for the neutral and singly charged cationic M-bis(mesitylene)
complexes. In both neutral and ion states, the electronic energy of the 0° rotamer without
the vibrational zero-point energy correction is slightly lower than that of the 60° rotamer
for all three species, and the energy difference increases slightly from Cr to Mo to W.
With the vibrational zero-point energy correction, however, the 60o rotamer of Cr50

bis(mesitylene) is predicted to be lower in energy than 0o, while the relative stability of
the 0 and 60o conformers remains unchanged for Mo- and W-bis(mesitylene). In all
cases, the energy differences (either with or without the zero point correction) are 1-5 kJ
mol-1, which are within the computational errors. Therefore, the prediction of the most
stable conformer of each complex requires the validation of the spectroscopic
measurements.

The neutral ground electronic states of the three complexes are singlet, as their
valence electron shells are completely filled by 18 electrons (6 from the metal atom and
12 from two mesitylene rings). In the ground electronic state, the free mesitylene has a
C3h geometry.136 Upon metal coordination, the highest possible molecular symmetry of
the resultant sandwich structure is D3h if the two mesitylene rings are in the 0o eclipsed
form or D3d if they are in 60o eclipsed form. However, the molecular symmetries are
predicted to be C2v for the 0o conformer and Ci for 60o. The lower molecular symmetry is
due to a small distortion of the mesitylene-ring planarity (0.5-2.0o) upon metal
coordination. In addition to the ring distortion, metal coordination elongates the ring C-C
bonds by 0.02-0.03 Å, and the degree of the elongation increases slightly down the metal
group. The C-C bond elongation is due to the electron back donation from the filled metal
d orbitals to the empty mesitylene orbitals, which weakens the C-C bonds. Because the
back electron donation is more extensive in Mo/W-bis(mesitylene) than in the Cr species
(as indicated by the atomic charges obtained from the Mulliken analysis), the C-C bonds
in the heavier complexes are slightly longer. The M-C bonds can be divided into two
groups, M-C(H) and M-C(CH3), with the former being shorter than the latter by 0.010.02 Å. The M-C bond lengths increase in the order of Cr < W < Mo. Even though W
atom is larger than Mo, the W-C bonds are shorter than the Mo-C bonds. The shorter WC distances are due to the well-known relativistic effect on heavier elements, which
shrinks the metal s orbitals and enhances the metal-ligand interactions. Ionization of the
singlet neutral state leads to a doublet cation. From the singlet to the doublet state, the MC distances increase by 0.01-0.02 Å, while the C-C bond lengths remain essentially
unchanged. The small variation in the M-C distances induced by ionization is due to the
removal of an essentially non-bonding, metal-based (3dz2) electron from the highest
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occupied molecular orbital (HOMO) of the neutral complex. Because the ejected electron
is a metal-based electron, ionization has a small effect on the C-C bonds. In both neutral
and ionic states, the mesitylene-ring plane is only slightly distorted, with the ∠(C-C-C-C)
dihedral angles being smaller than 1° in the neutral state and 2° in the cation. The bond
lengths and angles of the neutral and ionized M-bis(mesitylene) complexes are listed in
the Table 3.4. The C-C, M-C(H), and M-C(CH3) bond distances are nearly identical to
those of the M-bis(toluene) complexes.114

3.3.2 Spectroscopy and preferred rotational conformers

Figure 3.3 displays the PIE spectra of the three M-bis(mesitylene) complexes seeded
in the He carrier. The wavenumbers in the figure are corrected by +110 cm-1, the energy
shift induced by the dc extraction field of 320 Vcm-1 applied in the ionization region.
Each spectrum begins with a small and slowly rising signal, followed by a sharp onset.
The intersection point of the signal onset and the baseline indicated by an arrow
corresponds to the first ionization threshold of each complex. The ionization threshold
measured from the PIE spectra is used to simplify the search for and correlate with
ZEKE signal.

3.3.2.1 Cr-bis(mesitylene)

Figure 3.4 (a, c) presents the ZEKE spectra of Cr-bis(mesitylene) seeded in the 1:1
He/Ar (a) and He (c) carrier gases. The spectrum with He carrier (Figure 3.4c) shows
two strong bands at 40357 (5) (labeled A) and 40559 (5) cm-1 (labeled B), with the full
width at half maximum of 20 and 50 cm-1, respectively. The broad features are likely
due to unresolved rotational transitions and vibrational sequence bands. The intensity of
band A is about 3/4th of band B, as estimated by their heights. By changing the carrier
gas from He to 1:1 He/Ar, the intensity of band A is reduced to about 1/4th of band B,
and the widths of bands A and B are reduced to 8 and 30 cm-1, respectively. The
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narrowing of the band width largely occurs at the lower energy side of the two bands.
Moreover, several weak bands (i.e., 142 cm-1 from band A, 186 and 452 cm-1 from band
B), which are not obvious in the He supersonic expansion, become clearer with the 1:1
He/Ar expansion.

The decrease of the spectral bandwidths with the He/Ar mixture is due to the more
efficient cooling of the heavier carrier gases, which reduces the molecular populations at
excited rotational and vibrational levels.115,137-139 The reduction of the band A intensity
suggests that this band may involve a transition from an vibrationally or electronically
excited energy level, a different structure other than a sandwich, or another rotamer of the
sandwich structure. However, band A is unlikely a vibrational hot band, because if it
were a hot band from the first excited level of a neutral vibrational mode, at least one
additional weak band from the second excited vibrational level would be expected from
the viewpoint of Boltzmann distribution. It is also unlikely due to a transition from an
excited electronic state of the neutral complex, because no other electronic states are
expected to be so close in energy to the singlet ground state.

Moreover, no other

structures, other than the sandwich structure, are expected to be in this low energy
window for an 18 electron transition metal-bis(arene) system. Thus, bands A and B are
attributed to transitions involving two rotational conformers. The rotamer associated
with band A is less stable than the one related to band B. For an 18 electron transitionmetal bis(arene) complex, the HOMO is occupied by a pair of metal-based electrons, the
removal of an electron from such an orbital by ionization has a small effect on the
molecular geometry and thus yields a strong origin band (i.e., 0-0 transition band) in the
ZEKE spectrum. Therefore, bands A and B are assigned to the origin bands of the two
rotamers, respectively. Strong origin bands and multiple rotational conformers have also
been observed for Cr-bis(toluene).114

In general, the intensity of an origin band depends on the FC factor of the transition
and the population of the initial state. Because their bonding and structures are very
similar (with only difference in the rotational angles of the methyl groups), the FC factors
should be roughly the same for the origin bands of the two rotamers. Thus, the relative
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intensity change of bands A and B in the He and 1:1 He/Ar carrier gases reflects the
relative population change of the two rotamers. This population change is due to the
conformational isomerization, as discussed in the previous study of Cr-bis(toluene).114 If
the spectral intensities are used to estimated relative populations of the two rotamers, the
rotamer associated with band A is ~40% when it is seeded in the He carrier and ~20% in
the 1:1 He/Ar mixture.

To assign bands A and B and other observed bands to specific rotamers (i.e., 0 and
60o), we compare the experimental spectra with theoretical calculations and with the
infrared or Raman spectra of Cr-bis(mesitylene)140 and mesitylene.141 Figure 3.4(b, d)
presents the spectral simulations at 100 and 300 K to compare with the experimental
spectra with the He/Ar and He carrier gases, respectively. In these simulations, the
theoretical 0-0 transition energies and intensities of the 0 and 60o rotamers are shifted to
the experimental values of bands B and A, respectively, but the calculated vibrational
frequencies are not scaled. Two major factors are considered in assigning the 0o rotamer
to band B and the 60o rotamer to band A. First, the adiabatic ionization energy (AIE) of
the 00 rotamer is higher than that of the 60o one, and the AIE difference (179 cm-1)
between the two rotamers (AIE (00) = 40635 cm-1, AIE (60o) = 40456 cm-1) matches well
to the energy difference (202 cm-1) of bands B (40559 cm-1) and A (40357 cm-1). Second,
the frequencies of an out-of-plane CH3 bend [δ(CH3)oop] of the 00 (167 cm-1, a1) and 60o
(140 cm-1, ag) rotamers are in agreement with the 186 cm-1 interval from band B and the
140 cm-1 interval from band A, respectively. The calculated relative energies of the two
rotamers, however, are not useful in the conformational assignment, because the relative
stability is predicted to be different with or without the vibrational zero-point energy
corrections. The experimental frequency (186 cm-1) of the δ(CH3)oop mode of the 0o
rotamer is also comparable to that of the free ligand (183 cm-1) measured by gas-phase IR
spectroscopy.141 The weak 452 cm-1 transition from band B is less clear in the simulation,
but it is comparable to the predicted frequency (492 cm-1, a1) of an out-of-plane ring bend
[δ(ring)oop] of the 0o rotamer. Other symmetric modes of the 0o rotamer have larger
frequency differences from the measurement. In a previous gas-phase IR study, two
bands at ~458 and ~485 cm-1 were observed in the IR spectrum of Cr-bis(mesitylene).140
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Although no specific vibration (other than a skeletal motion) was assigned in the previous
study, the 458 cm-1 IR band can be reasonably related to the δ(ring)oop excitation. The
frequency of the corresponding δ(ring)oop mode in the free ligand141 is 519 cm-1, which
indicates that the Cr coordination reduces the frequency of the ring deformation by 67
cm-1. The large frequency reduction is understandable, because the deformation is against
the six fold metal binding in the complex. The δ(ring)oop mode is also observed in the
spectra of Mo- and W-bis(mesitylene) and will be discussed in the next section. In
addition to the bands discussed above, the partially resolved features at the lower energy
side of band B are attributed to the sequence transitions of an asymmetric ring torsional
mode (a2), superimposed by the sequence transitions of two nearly degenerate metal-ring
bending modes (a1 and b1) of the 0o rotamers. The excitation of the ring torsional mode
was also observed in the ZEKE spectrum of Cr-bis(benzene).115

Table 3.2 summarizes the spectral assignments discussed above and lists the AIEs
and vibrational frequencies measured from the ZEKE spectra and DFT calculations. It is
interesting to note that the metal-ligand stretching modes are not clearly observed for the
two rotamers, which is in contrast to our previous studies of other metal-arene
complexes, including Cr-bis(benzene) and Cr-bis(toluene).114,115,130 A very small band at
~ 310 cm-1 from band B could be assigned to the excitation of the metal-ligand stretching
mode of the 0o rotamer, but this assignment can only be tentative because of the very
weak signal. On the other hand, the metal-ligand stretching frequencies of the 0 and 60o
rotamers are predicted to be 307 and 303 cm-1, which are comparable to those of the
corresponding modes of the 0 and 60o Cr-bis(toluene), respectively.114

3.3.2.2 Mo- and W-bis(mesitylene)

Unlike Cr-bis(mesitylene), the spectra of the heavier M-bis(mesitylene)
complexes (Figures 3.5 and 3.6) show only one intense 0-0 band and no significant
relative intensity changes from the He to He/Ar carrier. For Mo-bis(mesitylene), the
strong 0-0 band is measured to be at 41697 (5) cm-1, and the small bands are at 160, 315,
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441, 868, and 1020 cm-1 from the origin band. For W-bis(mesitylene), the strong band is
measured to be at 41000 (5) cm-1, and the weak bands are at 323, 445, 551, 860, 1022,
and 1295 cm-1 from the 0-0 band. Because there are no significant differences in the
relative intensities between the spectra recorded under the He and He/Ar expansions, all
bands are expected to arise from the transitions of vibronic ground state of the neutral
complexes. The observation of the single origin band suggests that only one stable
rotamer is survived in the molecular beams for these heavier sandwiches, which is
consistent with the theoretical predictions. As shown in Figure 3.2, the potential energy
surface around the rotational angles of 600 is very flat, and the energy barrier of
converting the 60o to 0o rotamer is nearly zero. Thus, it is not surprising to observe only
one origin band in the ZEKE spectrum, and the observed origin band should be
associated with the 0o rotamer.
The spectral assignment for the 0o rotamers of the Mo and W complexes are
further discussed in comparison with the ZEKE spectra of similar complexes and the IR
spectra of the free ligand. For Mo-bis(mesitylene), the 160 and 441 cm-1 band are related
to the 186 and 452 cm-1 bands in the spectrum of Cr-bis(mesitylene) and thus assigned to
the δ(CH3)oop and δ(ring)oop modes, respectively, as in the case of the Cr species. The 315
cm-1 interval is comparable to the Mo+-toluene stretching frequency of 294 cm-1

114

and

attributed to the excitation of the Mo+-mesitylene stretching mode [υ(Mo-ring)]. As
discussed earlier, a small band at ~310 cm-1 in the ZEKE spectrum of Cr-bis(mesitylene)
may also be due to the excitation of the Cr+-mesitylene stretching mode, but the
assignment can only be tentative due to the weak and less-resolved signal. The 868 and
1020 cm-1 intervals are assigned to the mesitylene ring C-H wag [δ(ring, C-H) and methyl
group C-H wag [δ(CH3, C-H), respectively, because these intervals are similar to the
frequencies of the δ(ring, C-H) (881 cm-1) and δ(CH3, C-H) (1042 cm-1) modes of the
free ligand.141

For W-bis(mesitylene), the 323, 445, 860, and 1022 cm-1 bands

correspond to the 315, 445, 868, and 1020 cm-1 bands of Mo-bis(mesitylene) and are thus
assigned to the υ(M-ring), δ(ring)oop, δ(ring, C-H), and δ(CH3, C-H), respectively, as in
the case of the Mo complex. The 551 and 1295 cm-1 intervals are new in the spectrum of
W-bis(mesitylene) and are close to the frequencies of the ring breath [υ(ring), 567 cm-1)
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and the C-CH3 stretch [υ(C-CH3), 1301 cm-1) of the free ligand. Therefore, they are
ascribed to the υ(ring) and υ(C-CH3) modes in the W complex.
The above spectral assignments are also supported by the theoretical predictions.
Figures 3.5(b,d) and 3.6(b,d) present the spectral simulations of the 0o rotamers of the
two complexes. These simulations display a very strong 0-0 band and several small
bands and are in overall agreement with the experimental spectra. The theoretical
frequencies for the observed modes (Table 3.2) match well to the experimental values,
except for the δ(CH3)oop and δ(ring)oop modes of Mo-bis(mesitylene).

Because the

δ(CH3)oop mode is floppy and has a low frequency (160 cm ), the computational error for
-1

this mode is relatively large (~15%). Similar errors have also been reported previously
for the low-frequency modes (<200 cm-1) of other metal complexes.138,142-144

The

computational error of the δ(ring)oop mode (10%) is also significantly larger than those of
the other modes. The δ(ring)oop mode has an experimental frequency of 441 cm-1 in Mobis(mesitylene) and is not considered to be a very low-frequency mode in organometallic
complexes. For vibrational modes of the similar frequencies, the theoretical errors are
typically much smaller than 10%. Thus, such a large error is out of norm. In addition to
the large frequency error, the FC factor of this mode is considerably underestimated, such
that the simulation does not clearly show the δ(ring)oop band. A possible reason for the
underestimated FC intensity is the Herzberg-Teller effect that is not included in the
current spectral simulation. For an electronically allowed transition (such as ionization),
intensity stealing by a symmetric mode must involve a nearby electronic state of the same
symmetry. However, computational searches did not find any other low-energy 2A1 ion
state beside the ion ground state. Thus, the Herzberg-Teller effect is unlikely the cause
for the discrepancy. A second possibility is the effect of the anharmonicity. If the
vibrational mode is considerably anharmonic, the predicted frequency at the harmonic
level will not be accurate. To investigate this possibility, we carried out calculations of
the anharmonic vibrational frequencies for the free ligand and the Mo-bis(mesitylene)
complex. Unfortunately, the results of the calculations were not convincing as they
yielded a negative anharmonic frequency for the δ(ring)oop mode of the free ligand, but a
large positive anharmonic frequency for the corresponding mode in the complex. Thus,
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further theoretical work is required to explain the computational error for this particular
mode.

3.4 Comparison of M-bis(benzene), M-bis(toluene), and M-bis(mesitylene)
From the current and previous ZEKE spectroscopic studies,114 the group 6 metal
complexes of bis(benzene), bis(toluene), and bis(mesitylene) all prefer to be in the
complete eclipsed form. These findings appear to be contradictory to the classical
textbook assumption that the steric factor in ethane and other small organic molecules
with hinder internal methyl rotations is responsible for the preferred staggered
conformation. However, more recent theoretical analysis indicates that the preferred
staggered structure of ethane is the result of the hyperconjugation stabilization (rather
than the high steric hindrance of the eclipsed structure), and the removal of the
hyperconjugation
conformation.145-147

interactions

yields

the eclipsed

structure as

the preferred

This stabilization mechanism may be used to rationalize the

preference of the eclipsed conformation of the metal-bis(arene) complexes as well. In
these metal systems, because the methyl groups in two arene rings are far apart (with the
ring C-C distance of 3.34 - 3.72 Å), the hyperconjugation interactions between filled and
unfilled σCH orbitals are expected to be diminished. The loss of the hyperconjugation
stabilization thus yields the complete eclipsed conformation as the favored structure.

Table 3.3 summarizes the AIEs and vibrational frequencies of the group 6 metal
complexes of bis(benzene), bis(toluene), and bis(mesitylene). The results of the
bis(benzene) and bis(toluene) sandwiches are taken from the previous studies by our
group.114 Several observations can be made from the data in Table 3.3. First, the methyl
substitutions reduce the AIEs of the metal complexes, and the extent of the AIE reduction
depends on the number of methyl groups and the identity of the metal elements. For a
given metal element, the first methyl substitution has the largest effect. For example, the
AIEs are reduced by 1274 cm-1 from Cr-bis(benzene) to Cr-bis(toluene) and 2248 cm-1
from Cr-bis(toluene) to Cr-bis(mesitylene). The latter yields a 1124 cm-1 AIE drop for
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each additional methyl group, which is 150 cm-1 smaller than that of the first methyl
group. For a given methyl substitution, the AIEs decrease slightly as the metal group is
descended, that is, they are reduced by 1274, 1059, and 979 cm-1 from M- bis(benzene) to
M-bis(toluene) and by 2284, 1825, and 1655 cm-1 from M-bis(toluene) to M-bis
(mesitylene) for M = Cr, Mo, and W, respectively. The methyl substitution effect in
these sandwiches is slightly larger than that in a series of monoligated Sc(arene)
complexes,148 but it is smaller than that in free arene molecules.149 The methyl effect in
the arene molecules was explained by hyperconjugation and charge transfer from the
methyl radical to the arene ring, which stabilizes the molecular ion more than the neutral
molecule. Because a large fraction of the positive charge is located on the metal atom
(rather than on the benzene ring) in the metal complexes, such stabilization is expected to
be smaller in the metal complexes than in the free arene molecules. Second, the metalligand stretching frequencies of the Cr and Mo complexes increase with successive
methyl substitutions, whereas the stretching frequencies of the W species increase with
one methyl substitution but decreases with additional methyl groups. For a given arene
ligand, the stretching frequencies of Cr and Mo complexes are similar and smaller than
the corresponding frequencies of the W species. Because the molecular masses increase
as the metal group is descended and with the methyl substitutions, the increased metalligand stretching frequencies suggest the strengthening of the metal-ligand bonding at the
near bottom of the potential energy surface. The high stretching frequencies of the W
complexes are consistent with the strong relativistic effect of the W metal, which
enhances the metal-ligand bonding. Third, the spectral band widths increase from Mbis(benzene) to M-bis(toluene) to M-bis(mesitylene), which is consistent with the fact of
the increased internal degrees of the freedom with successively methyl substitutions.

3.5 Conclusions

In this work, we have determined accurate ionization energies, vibrational
frequencies, and preferred rotational conformers and observed the conformational
isomerization of group 6 metal-bis(mesitylene) complexes. For the two eclipsed
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conformations with the methyl-group dihedral angles of 0 and 60°, the 0° rotamer is the
most stable one and has the highest ionization energy for all three complexes. Both 0 and
60° rotational conformers were observed for Cr-bis(mesitylene), but only the 0° rotamer
was identified for Mo-bis(mesitylene) and W- bis(mesitylene). The 0o rotamer has a C2v
structure with the neutral ground state of 1A1 and the ion ground state of 2A1. The 60o
rotamer has Ci structure with the neutral ground state of 1Ag and ion ground state of 2Ag.
The comparison of the group 6 metal complexes of bis(benzene), bis(toluene), and
bis(mesitylene) shows significant effects of the methyl substitutions on the ionization
energies, metal-ligand stretching frequencies, and spectral line widths. It is expected that
further methyl substitutions will continue to reduce the ionization energies of the metal
sandwiches and affect the metal-ligand bonding. However, the increase of the
rovibrational degrees with successive methyl substitutions will likely make the
spectroscopic measurements more challenging.
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Table 3.1 Molecular point groups, electronic states, and relative electronic energies
without (ΔEe) and with (ΔEZPE) vibrational zero-point energy corrections of the neutral
and cationic M-bis(mesitylene) complexes (M = Cr, Mo, and W) from DFT/B3LYP
calculations.

Rotamera

Point group

Electronic state

ΔEe (cm-1)

ΔE(ZPE) (cm-1)

(neutral/ion)

(neutral/ion)

(neutral/ion)

Cr-bis(mesitylene)
0°

C2v

1

A1/2A1

0/0

69/261

60°

Ci

1

Ag/2Ag

238/50

0/0

0°

C2v

1

A1/2A1

0/0

0/0

60°

Ci

1

Ag/2Ag

418/239

416/247

0°

C2v

1

A1/2A1

0/0

0/0

60°

Ci

1

Ag/2Ag

467/270

373/215

Mo-bis(mesitylene)

W-bis(mesitylene)

a

The 60° rotamers have predicted the dihedral angles between the methyl groups of the

two rings of 62o in the 2Ag state of each complex.
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Table 3.2 Adiabatic ionization energies (AIE, cm-1)a and vibrational frequencies (cm-1)b
of the M-bis(mesitylene) (M = Cr, Mo, and W) complexes from ZEKE spectroscopy and
DFT/B3LYP calculations. The vibrational frequencies are for symmetric modes of the
ion state and the theoretical values are in parentheses. The ionization energies and
vibrational frequencies of mesitylene are included for comparison.c Reprinted with
permission from J. Phys. Chem. A, 2013, 117 (50), 13336–13344. Copyright 2013
American Chemical Society.
Cr-bis(mesitylene)

Mo-bis(mesitylene)

W-bis(mesitylene)

Rotamer

0°

60°

0°

0°

AIE

40559 (40635)

40357 (40456)

41697 (41071)

41000 (40151)

δ(CH3)oop

186 (167)

142 (140)

160 (136)

(152)

ν(M-ring)

(307)

(303)

315 (302)

323 (321)

δ(ring)oop

452 (492)

441 (494)

445 (479)

519(529)

551 (563)

567(576)

ν(ring)

Mesitylene

67830
183(173)

δ(ring, C-H)

868 (874)

860 (873)

881(895)

δ(CH3, C-H)

1020 (1051)

1022 (1055)

1042 (1059)

1295 (1315)

1301(1321)

ν(C-CH3)
a

The uncertainty of the AIE values from the ZEKE measurements is about 5 cm-1.

b

υ(CH3)oop: methyl group out-of-plane bend, υ(M-ring): metal-mesitylene stretch with

the ligand displacement, υ(ring)oop: mesitylene out-of-plane deformation with the methyl
group rock, υ(ring): mesitylene breath, δ(ring, C-H): mesitylene ring C-H wag, δ(CH3, CH): methyl group C-H wag, and υ(C-CH3): C-CH3 stretch.
c

For the free ligand, the ionization energy is taken from reference,149 the experimental

vibrational frequencies are from IR or Raman spectra, reference,141 and the theoretical
vibrational frequencies are from this work.
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Table 3.3 Metal-ligand stretching frequencies (υs+) and adiabatic ionization energies
(AIE) of M-bis(benzene), -bis(toluene), and -bis(mesitylene) (M = Cr, Mo, and W) from
ZEKE spectroscopy and DFT calculations. The theoretical values are in parentheses.
Reprinted with permission from J. Phys. Chem. A, 2013, 117 (50), 13336–13344.
Copyright 2013 American Chemical Society.
υs+(cm-1)

AIE (cm-1)

Cr

264 (255)

44081 (44440)

Mo

277 (259)

44581 (44630)

W

370 (282)

43634 (43480)

Cr

291 (281)

42807 (43221)

Mo

294 (277)

43522 (43309)

W

432 (296)

42655 (42193)

Cr

(307)

40559 (40635)

Mo

(303)

41697 (41071)

W

323 (322)

41000 (40151)

Complex
M-bis(benzene)a

M-bis(toluene)b

M-bis(mesitylene)

a
b

From reference.115
From reference.114
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Table 3.4 Bond lengths (R, Å) and bond angles (∠ or φ, degrees) of mesitylene, Mbis(mesitylene), and[ M-bis(mesitylene)]+ (M = Cr, Mo, and W) from the DFT/B3LYP
calculations with 6-311+G(d,p) basis set on C and H, and LanL2DZ on metal atoms. Rot:
rotamer; PG: point group; R(M-C(H)): distance between M and ring C in CH; R(MC(CH3)): distance between M and ring C in CH3; R(C-C): distance between ring C
atoms; R(C-H): distance between ring C and; R(C-CH3): distance between ring C and C
in CH3; R(C1-C2): distance between the carbon atoms in two mesitylene rings; ∠C-C-CC: dihedral angles within the mesitylene ring; and φ(CH3-C-C-CH3): dihedral angle
between the methyl groups in two mesitylene rings. Reprinted with permission from J.
Phys. Chem. A, 2013, 117 (50), 13336–13344. Copyright 2013 American Chemical
Society.
Rot.

PG

State

R(M-C(H))

R(M-C(CH3))

R(C-C)

R(C-H)

R(C-CH3)

1.086

1.510

1.084

1.506

∠(C-C-C-C)

φ(CH3-C-C-CH3)

0.0

0.0

3.342

0.524

0.000

3.338

-0.451

3.344

0.381

R(C1-C2)

Mesitylene
1

A'

C3h

1.401
1.393

Cr-bis(mesitylene)
0˚

C2v

1

A1

2.181

2.198

1.417

2.182

-0.381
0.451
-0.524
2

A1

2.188

2.215

1.418

1.083

1.504

2.189

3.354

-1.710

3.381

1.642

3.359

-1.642

3.383

1.710

0.000

-1.782
1.782
60˚

Ci

1

Ag

2.178

2.191

1.417

1.084

2.179

1.508

3.325

0.269
-0.281
0.280
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61.45

-0.268
0.256
-0.256
2

Ag

2.187

2.209

1.418

1.082

1.505

3.358

-1.087

61.68

1.078
-1.079
1.090
-1.100
1.098

Mo-bis(mesitylene)
0˚

C2v

1

A1

2.316

2.332

1.422

1.084

1.506

3.680

0.320

3.676

-0.315

3.681

0.315

0.000

-0.320
0.326
-0.326
2

A1

2.323

2.347

1.423

1.083

1.505

3.713

1.405

3.693

-1.410

3.715

1.410

3.695

-1.405

0.074

1.400
-1.400
60˚

Ci

1

Ag

2.320

2.333

1.421

1.084

1.508

3.684

-0.050

61.41

0.021
-0.009
0.024
-0.051
0.064
2

Ag

2.325

2.347

1.422

1.083

1.505

3.707

-1.096
1.117
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61.67

-1.130
1.121
-1.099
1.086

W-bis(mesitylene)
0˚

C2v

1

A1

2.305

2.322

1.423

1.084

1.506

2.321

3.648

0.337

3.646

-0.337

3.653

0.271

0.000

-0.203
0.202
-0.271
2

A1

2.301

2.326

1.426

1.083

1.505

3.653

1.553

3.635

-1.555

3.659

1.499

0.000

-1.438
1.437
-1.496
60˚

Ci

1

Ag

2.310

2.322

1.423

1.084

1.507

3.684

-0.337

61.43

0.317
-0.271
0.244
-0.263
0.311
2

Ag

2.304

2.325

1.426

1.083

1.506

3.647

-0.977
1.012
-1.037
1.026
-0.989
0.965
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61.69

Relative electronic energies (cm-1)
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Methyl group dihedral angles (degrees)

Figure 3.1 Potential energy scan of Cr-bis(mesitylene) as a function of methyl group
dihedral angles from B3LYP/DFT calculations. The scan step is 6o of the dihedral angels.
The inserted structures are for the 0 and 60o rotational conformers. Reprinted with
permission from J. Phys. Chem. A, 2013, 117 (50), 13336–13344. Copyright 2013
American Chemical Society.
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Figure 3.2 Potential energy scans of W-bis(mesitylene) as a function of methyl group
dihedral angles from B3LYP/DFT calculations. The solid line is from a fast scan with 6o
of the methyl group dihedral angles per step, and the dashed line is a slow scan with 1°
step. Reprinted with permission from J. Phys. Chem. A, 2013, 117 (50), 13336–13344.
Copyright 2013 American Chemical Society.
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(a)
40330 (50)

40000

(c)
40890 (50)

40500

(b)
41700 (50)

41000

Wavenumber (cm-1)

Figure 3.3 PIE spectra of the Cr- (a), Mo- (b), and W-bis(mesitylene) (c) complexes
seeded in the He carrier. The ionization thresholds are indicated by arrows. Reprinted
with permission from J. Phys. Chem. A, 2013, 117 (50), 13336–13344. Copyright 2013
American Chemical Society.
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0-0 (40559) 0°
0-0 (40357) 60°
186
142

452
(a) He/Ar

(b) 100 K
B
A
(c) He

(d) 300 K

40200

40400

40600

40800

41000

Wavenumber (cm-1)
Figure 3.4 Experimental ZEKE spectra of Cr-bis(mesitylene) seeded in the 1:1 He/Ar (a)
and He (c) carrier gases and spectral simulations at 100 K (b) and 300 K (d). Each
simulation is the sum of the 1A1 ← 2A1 transition of the 0o rotamer and the 1Ag ← 2Ag
transition of the 60o rotamer. Reprinted with permission from J. Phys. Chem. A, 2013,
117 (50), 13336–13344. Copyright 2013 American Chemical Society.
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0-0 (41697) 0°

160

315

441

868

1020

(a) He/Ar
x6

(b) 100 K
x6

(c) He

x6

(d) 300 K
x6
41600

42000
42400
Wavenumber (cm-1)

42800

Figure 3.5 Experimental ZEKE spectra of Mo-bis(mesitylene) seeded in the 1:1 He/Ar (a)
and He (c) carrier gases and spectral simulations of the 1A1 ← 2A1 transition of the 0o
rotamer at 100 K (b) and 300 K (d). Reprinted with permission from J. Phys. Chem. A,
2013, 117 (50), 13336–13344. Copyright 2013 American Chemical Society.
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0-0(41000) 0o

323445

551

860 1022

1295

(a) Expt. He/Ar
x6

(b) 50 K
x6

(c) He

x6

x6
(d) 300 K

40800

41200

41600

42000

Wavenumber (cm-1)
Figure 3.6 Experimental ZEKE spectra of W-bis(mesitylene) seeded in the 1:1 He/Ar (a)
and He (c) carrier gases and spectral simulations of the 1A1 ← 2A1 transition of the 0o
rotamer at 100 K (b) and 300 K (d). Reprinted with permission from J. Phys. Chem. A,
2013, 117 (50), 13336–13344. Copyright 2013 American Chemical Society.
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CHAPTER 4. BINDING SITES AND ELECTRONIC STATES OF GROUP 3 METAL
(Sc, Y, and La) ANILINE COMPLEXES PROBED BY HIGH-RESOLUTION
ELECTRON SPECTROSCOPY
Parts of this chapter are taken from “Electronic states and binding site of M(aniline) (M =
Sc, Y, and La) probed by pulsed-field-ionization electron spectroscopy” J. Chem. Phys.
2013, 138, 224304.

4.1 Introduction

Substitution of one or more hydrogen atoms in a benzene molecule by functional
groups produces benzene derivatives with different chemical properties from the parent
molecule.150 For example, the nitrate rate of phenol is 103 times faster than that of
benzene and 1010 faster than nitrobenzene.151 The activation of C-F bonds in
hexafluorobenzene by transition metal ions is a major reaction pathway, whereas the
activation of C-H bonds in benzene is only a minor channel.152,153 These and other
distinct behaviors between benzene and its derivatives occur because the hydrogen
replacement modifies the electronic and chemical environments around the phenyl ring
and offers competing binding sites for an interacting chemical species. Recently, we
investigated the binding sites, rotational conformers, and electronic states of Sc(C6H5X)
(X = H, F, CH3, OH, and CN) using pulsed-field ionization zero electron kinetic energy
(ZEKE) spectroscopy.143,154 We found that the H replacement by X reduced the electron
spin multiplicity from four in Sc(C6H6) to two in Sc(C6H5X), switched Sc binding site
from the phenyl ring with X = F, CH3, and OH to the nitrile group with CN, and
differentiated Sc-C bonding among the six carbon atoms in the ring binding mode.
Moreover, we identified two rotational isomers for the Sc(C6H5OH) complex. Unlike the
low-energy barrier of the CH3 rotation in toluene (5-20 cm-1),155-158 the barrier of the OH
rotation in phenol is rather high (1050-1250 cm-1).159-161 Although the CH3 internal
rotation is free, the OH rotation under supersonic expansion conditions is hindered, and
the 0o and 180o rotamers of phenol are trapped in separated potential wells.

Sc

coordination to these two rotamers thus yields two isomers of Sc(C6H5OH). Aniline
(C6H5NH2) has two conformers with the dihedral angle between the ring and amino plane
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of ~40o and the NH2 inversion barrier ~550 cm-1.162-164 The two conformers are separated
by a symmetric double well potential. The barrier height of the NH2 inversion is between
those of the CH3 and OH internal rotations.
Several studies have been reported on the structures of the Ar-aniline van der
Waals complex.164-168 In the presence of the Ar atom, the symmetric potential of aniline
is converted into an asymmetric double well potential with the amino hydrogens above or
below the phenyl ring plane. As a result, the formation of two Ar-aniline isomers was
possible: one with the Ar being attached to the ring on the same side of the amino
hydrogens and the other with Ar on the opposite to the hydrogens. However, the relative
stability of the two conformers was difficult to determine,164,165 as their energy difference
was predicted to be very small (~15 cm-1).167 On the other hand, the conformational
complexity presented in the neutral Ar-aniline complex was simplified in the ion, as
ionization converted the non-planar aniline into a planar molecule.169-172 This conversion
was assumed to be the result of rehybridization of the N atomic orbitals from sp3 to sp2.

Even though Ar atom has consistently been found to attach to the ring of the
aniline molecule, metal atoms or surfaces have been reported to bind with either the ring
or the amino nitrogen.120,173-178 For example, Raman spectroscopy and density functional
theory (DFT) calculations showed that the adsorption of aniline molecules on the Ag
surface or group 11 metal (Cu, Ag, and Au) clusters was mainly through metal-nitrogen
interactions and the aniline ring was tilted with respect to the metal or cluster
surfaces.177,178 For Ti(aniline), DFT calculations located three structures with a Ti-phenyl
binding mode and two with a Ti-amino binding mode within a few tenths of eV and
predicted the most stable structure to be the Ti-phenyl anti conformer.174 For metal ion
complexes, an infrared spectroscopy study concluded that the preferred structure of
Cr+(aniline) was formed by the Cr+-phenyl π binding,176 and a threshold collision induced
dissociation investigation found that alkali ions also preferred the ring binding.173 These
studies indicate that the preferred metal binding sites depend on the identity and perhaps
the charge of the metal elements.
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This work aims to search for different conformers of each complex and
investigate metal binding site and electronic states of each isomer for the group 3 metal
(Sc, Y, and La) aniline complexes. To address these issues, we use ZEKE spectroscopy
and quantum chemical calculations because the synergic approach has been proved to be
highly effective to study the bonding and structures of organometallic complexes in the
gas phase.179

4.2 Experimental and computational methods

The metal-cluster beam ZEKE spectrometer used in this work was described in
previous publications.131,180 Metal complexes with aniline (98%, Aldrich) were prepared
in a laser vaporization cluster beam source. Metal atoms were produced by pulsed-laser
(Nd:YAG, Continuum Minilite II, 532 nm) vaporization of a metal rod (Sc, 99.9%, Alfa
Aesar; Y, 99.9%, Good fellow; La, 99.9%, Alfa Aesar) in the presence of He or Ar
carrier gas (UHP, Scott-Gross) or a mixture of He/Ar at ~40 psi. These gases were
delivered by a homemade piezoelectric pulsed valve.132 The vapor of aniline was
introduced to a small collision chamber one centimeter downstream of the ablation
region. The metal complexes formed in the collision chamber were expanded into the
vacuum, collimated by a cone shaped skimmer (2 mm inner diameter) and passed through
a pair of charged deflection plates (+500 V) to remove residual ionic species formed
during laser ablation. The neutral products were identified by photoionization time-offlight mass spectrometry. The ionization laser beam was the frequency-doubled output of
a tunable dye laser (Lumonics HD-500), pumped by the third harmonic output of a
Nd:YAG laser (Continuum Surelite II).

Ionization thresholds of the complexes of interest were located using
photoionization efficiency (PIE) spectroscopy by recording the mass-selected ion signal
as a function of the ionization laser wavelength. ZEKE electrons were produced by
photoexcitation of the neutral complexes to highly excited Rydberg states, followed by
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ionization of these Rydberg states with a 3 µs delayed, pulsed-electric field (1.2 Vcm−1,
100 ns). A small dc field (0.06 Vcm−1) was applied to discriminate ZEKE electrons from
kinetic electrons produced by direct photoionization. A delay pulse generator was used to
generate the pulsed-electric field for ionization. Both ion and ZEKE electron signal were
captured by a dual microchannel plate detector, amplified by a preamplifier, averaged by
a gated integrator, and stored in a laboratory computer. The excitation laser wavelengths
were calibrated against vanadium or titanium atomic transitions in the wavelength range
of the ZEKE spectra.

Molecular geometries and vibrational frequencies were calculated with
GAUSSIAN03 program package.81 In these calculations, we used Becke’s three
parameter hybrid functional50 with correlation functional of Lee, Yang, and Parr
(B3LYP), the triple-split-valence basis set 6-311+G(d,p) for C, H, N, and Sc, and the
pseudo-core-potential LanL2DZ basis set for Y and La. The B3LYP functional was
selected because the previous studies have shown that this method yielded good
agreement with the experimental ZEKE spectra of metal-aromatic complexes.179,181
Harmonic vibrational frequencies were calculated at the same level of theory to
characterize the nature of the stationary points as a local minimum or a transition state.
Connectivities of the minima and transition states were verified by intrinsic reaction
coordinate (IRC) calculations. Moreover, single-point energies at the B3LYP geometries
of the Sc, Y, and La complexes were calculated using the coupled cluster method with
single, double, and perturbative triple excitations (CCSD(T)). In these CCSD(T)182,183
calculations, 6-311++g(2d,2p) basis set was used for C, H, and Sc atoms and SDD basis
set for Y and La.

Multidimensional Franck-Condon (FC) factors were calculated from the
equilibrium geometries, harmonic vibrational frequencies, and normal coordinates of the
neutral and ionized complexes.84 The Duschinsky effect60 was considered to account for
normal mode differences between the neutral and ionic complexes in the FC calculations.
A Lorentzian line shape with the experimental linewidth was used to simulate spectral
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broadening. Transitions from excited vibrational levels of the neutral complexes were
simulated by assuming thermal excitations at specific temperatures.

4.3 Results and discussion

4.3.1 PIE and ZEKE spectra

Figure 4.1 displays the PIE spectra of three M(aniline) (M = Sc, Y, and La)
complexes. The Sc(aniline) spectrum has a very sharp onset as indicated by the
intersection of the baseline and the line drawn through the sharp signal rise. On the other
hand, the Y(aniline) and La(aniline) spectra each begin with a slowly rising signal,
followed by a sharp signal onset. The slowly rising signal originates from the ionization
of thermally excited vibrational levels of the neutral complex. The sharp signal onsets,
indicated by the arrows, corresponds to the first ionization thresholds of the Sc, Y, and La
complexes and are measured to be 39850 (20), 39200 (50), and 35400 (100) cm-1,
respectively. The wavenumbers are corrected by +110 cm-1, the energy shift induced by
the dc extraction field of 320 Vcm-1 applied in the ionization region. The ionization
thresholds measured from the PIE spectra are used to simplify the search for and correlate
with the ZEKE signal.

Figure 4.2-4.4 present the ZEKE spectrum of Sc(aniline) seeded in Ar carrier gas
and the spectra of Y(aniline) and La(aniline) seeded in He/Ar mixture gas, and Table 4.1
lists the band positions of each spectrum.

The strongest band in the spectrum of

Sc(aniline) (Figure 4.2a) is located at 39859 (5) cm-1, with a band width of ~2 cm-1. The
position of this band corresponds to the signal onset in the PIE spectrum (Figure 4.1a)
and the adiabatic ionization energy (AIE) of the complex. Above the origin band, the
spectrum displays 386 and 288 cm-1 short progressions and 127, 151, 354, 369, 486, and
749 cm-1 independent intervals.

Other bands that are not labeled in the figure are
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combination bands arising from excitations of two or more modes. Similar to Sc(aniline),
the ZEKE spectra of Y(aniline) (Figure 4.3) and La(aniline) (Figure 4.4) are also very
sharp with the band width of ~2 cm-1. The AIEs of the Y and La complexes are
measured to be 39436 (5) and 35498 (5) cm-1, respectively. Above the AIE, the
Y(aniline) spectrum exhibits a 339 cm-1 progression; 69, 128, and 241cm-1 intervals, and
their combination bands. On the other hand, the La(aniline) spectrum displays 297 and
110 cm-1 progressions; 22, 87, and 285 cm-1 intervals, and various combination bands.
The AIEs of the three complexes decrease down the triad group and are in the same trend
of the metal atomic ionization energies (52922 cm-1 for Sc, 50146 cm-1 for Y, and 44980
cm-1 for La).183 The AIE trend of the complexes suggests that ionization removes an
electron from a metal based-orbital, not from an aniline orbital. This is expected because
the AIEs of the metal atoms are considerably lower than that of aniline (62271 cm-1).183 A
second observation is that the AIEs of the metal complexes are significantly lower than
those of the corresponding metal atoms. The AIE reduction of the metal atoms upon
aniline coordination indicates that the metal-ligand bonding in the ionic complex is
stronger than that in the neutral species. The stronger ion binding is the result of the
additional charge-multipole interactions.

4.3.2 Structure identification

There are at least two possible sites for the metal binding: one is the metal
bonding over the phenyl ring to form a π structure and other the metal bonding to the
nitrogen atom of the amino group to form a σ structure. To determine which structure is
formed for the M(C6H5NH2) complexes, we first compare the ZEKE spectra of the metalaniline complexes with those of M(C6H5X) (M = Sc for X = H, F CH3, OH, and CN; M =
Y and La for X = H), which were previously reported by our group.142,154,179 Among the
Sc(C6H5X) complexes, a π bonding over the phenyl ring was determined for X = H, F,
CH3, and OH and a nitrile-η2 bonding for X = CN. A vibrational progression of ~380
cm-1 was observed for each of the π complexes; on the other hand, two progressions, 716
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and 262 cm-1, were identified for the nitrile-η2 complex. The ~380 cm-1 progression was
assigned to the excitation of the Sc+-phenyl stretching mode in the π complexes, whereas
the 716 and 262 cm-1 progressions were due to the excitations of the Sc+-N and Sc+-C
stretching modes of the nitrile-η2 complex.

Because the 386 cm-1 progression of

Sc(C6H5NH2) is similar to the ~380 cm-1 progressions of Sc(C6H5X) (X = H, F, CH3, and
OH), Sc is expected to bind with aniline via the phenyl-π bonding as well. To further
support this binding assignment, we also recorded the ZEKE spectrum of Sc[N(CH3)3]
(not shown), for which only a σ Sc-N bonding is possible, and observed a 230 cm-1 Sc+-N
stretching vibrational progression. The large difference between the metal-ligand
stretching progressions of Sc(C6H5NH2) and Sc[N(CH3)3] clearly indicates that the
bonding in the two complexes is different and Sc is not bound to the amino group of
aniline. For Y(C6H6NH2) and La(C6H6NH2), the 339 and 297 cm-1 progressions are
comparable to the M+-benzene stretching progressions of 328 and 295 cm-1 of Y(C6H6)
and La(C6H6), respectively. Therefore, the 339 and 297 cm-1 intervals are assigned to the
M+-aniline stretching frequencies of the π structure of Y(C6H5NH2) and La(C6H5NH2).
The identification of the π structure by comparing the ZEKE spectra of the similar
complexes is also consistent with the theoretical predictions. Table 4.2 summarizes the
electronic states, relative electronic energies, and AIEs of the σ and π isomers of the
aniline complexes, and Figure 4.5 shows the top and side views of these isomers.
Geometries and frequencies are calculated at the level of the DFT/B3LYP theory, and
single point energies of the ground states of the neutral and ion complexes are obtained at
the CCSD(T) level.

Because each metal atom has three and two outmost valence

electrons in the neutral and ion states, we considered in the computational search the
doublet and quartet spin states for the neutral complexes and singlet and triplet states for
the ions. For Sc(aniline), the π structure is more stable than the σ structure by 3690 cm-1
in the doublet ground states. Because of a large energy difference between the π and σ
isomers was predicted for Sc(aniline), we expected the π isomer to be more stable for the
Y and La complexes as well and thus did not perform the calculations for the σ structures
of the two heavier species. The π structure is more stable because it involves the phenyl
π electron donation to an empty dσ orbital on the metal and the back donation from a
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metal dπ orbital to the ligand lowest unoccupied orbital. This so-called Dewar-Chatt
Duncanson binding model has been used to explain the stabilities of the transition metalaromatic or -unsaturated hydrocarbon complexes. In addition to the σ and π isomers, we
also considered the metal binding over the C-N bond (which is a double bond in an
aniline resonance structure). However, geometry optimizations converted this type of the
structure to the metal-phenyl π structure.
Because the two hydrogen atoms of the amino group in the free ligand is out of
the phenyl plane, the metal-phenyl π bonding can form two conformers: one with the
metal and amino hydrogens on the same side of the phenyl ring (syn conformer) and the
other with the metal atom opposite to the amino hydrogens (anti conformer) as shown in
Figure 4.5. These two conformers may have different energies, but the difference should
be very small because the amino hydrogens are further away from the metal atom in both
conformations. The predicted energy difference between the lowest-energy doublets of
the syn and anti conformers (Eanti-Esyn) of the Sc, Y, and La complexes are 43, 0.2, and 33
cm-1 by B3LYP and 12, -107, and -712 cm-1 by CCSD(T). The energy differences
calculated by B3LYP are very small and thus likely within the computational uncertainty,
especially in the case of the B3LYP calculations. The CCSD(T) calculations yield
slightly larger energy difference for the Y and La species but with an opposite stability
order to that from the B3LYP method. Thus, theory alone is not sufficient to identify the
relative stability of the two conformers. We also calculated the energy barriers for
interconverting the two conformers, which are on the order of 200 cm-1 from B3LYP and
400-500 cm-1 from CCSD(T). The CCSD(T) barriers are comparable to the barrier to
inversion of the NH2 group in the free ligand (~500 cm-1).164 Under the supersonic
condition in our experiment, the two conformers are expected to be trapped in two
separated potential wells.

The doublet states of the syn and anti conformers of each neutral complex is
formed by a nd2(n+1)s1 ← nd2(n+1)s2 electron promotion in the metal atom. Ionization
of both conformers produces a stable anti conformation by removing the (n+1)s1 electron.
No syn conformation is located for the ionic complex.
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4.3.3 Vibrational assignment

Because the ZEKE spectrum of Sc(aniline) shows no hot bands, the observed
vibronic bands are all due to transitions from the vibronic ground state of the neutral
complex to

various vibrational levels of the ion.

We will discuss the spectral

assignments by comparing the experimental vibrational intervals with predicted
vibrational frequencies of the ion. Because the singlet ion state is considerably more
stable than the triplet ion, our discussion will focus on the lower spin state. Because
metal coordination significantly perturbs the six-membered ring skeleton and the dihedral
angle of the amino group, the frequencies of these modes are expected to be considerably
different between the free ligand and complex. Among the vibrational intervals in the
ZEKE spectrum, we find that only 749 cm-1 interval matches to the frequency of an outof plane CH bending motion (745 cm-1).170,184 This observation should not be surprising
because the metal coordination has little effect on the CH bonds.

Table 4.3 lists

harmonic and anharmonic frequencies of the 1A' ion below 500 cm-1. By comparing the
observed intervals in Figure 4.1 with the predicted frequencies in Table 4.3, we find clear
one-to-one correspondence between the observation and prediction and are able to make
a unambiguous assignment for five of the seven remaining vibrational intervals. The 127
and 288 cm-1 intervals arise from the excitation of two out-of-plane ring deformation
coupled with Sc+-C asymmetric stretching modes (υ39+, a" and υ38+, a"). The major
difference between the two modes is that the displacements are largely from the C2, C3,
C5, and C6 deformation and C3-Sc+-C5 asymmetric stretching in υ39+, and from the C1,
C2, and C6 deformation and C2-Sc+-C6 asymmetric stretching in υ38+. The 151 cm-1
interval is assigned to an out-of-plane C1-NH2 bending mode along with a ring wagging
motion (υ22+), and 486 cm-1 to a NH2 wag mode (υ36+, a"). The predicted frequencies of
the υ22+ (156 cm-1) and υ36+ (489 cm-1) match well to the measured values of the two
modes. The 386 cm-1 interval is assigned to the Sc+-aniline symmetric stretching (υ19+,
a'), in consistent with the assignment obtained on the basis of the comparison with
previously reported Sc(C6H5X) complexes.

The remaining two intervals, 354 and 369

cm-1, correspond to the excitation of a NH2 inversion mode (υ20+, a') and the NH2
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inversion mode coupled with a C2-M-C6 symmetric stretching (υ21+, a'). However,
because the predicted frequencies of these two modes are very close to each other (374
and 372 cm-1), this assignment is considered to be tentative.

Similarly, we are able to

assign the observed intervals in the ZEKE spectra of the Y and La complexes, except for
the 87 cm-1 band of La(aniline). The assignments for the ZEKE bands are summarized in
Table 4.1 and the description of the vibrational modes are listed in Table 4.4.

In addition to totally symmetric modes (a'), we also identify three non-totally
symmetric modes (a") for [Sc(aniline)]+ and two for [Y(aniline)]+. On the basis of the
general selection rule, a non-totally symmetric mode is forbidden in a single-photon
photoelectron or photoionization spectrum. However, in cases of transitions between
states with different symmetries of the equilibrium conformations, we must apply the
selection rule that correspond to the common elements of the symmetries.185

For the

M(aniline) complexes, the equilibrium geometry of the neutral state (C1) is lower than
that of the ion state (Cs). The common symmetry element for the two point groups is a,
which is the totally symmetric under C1 point group. Therefore, the observation of the a"
modes obeys the general selection rule.

Besides the observation of the vibrational modes in the ion state, the ZEKE
spectra of the Y and La complexes also display hot bands arising from an out-of-ring
deformation coupled with an asymmetric metal-carbon stretch (υ39). From these hot
bands, we obtain the υ39 frequency of 219 cm-1 for Y(aniline), but only the frequency
difference (υ39+-υ39) of 22 cm-1 for La(aniline). The observed υ39 frequency of Y(aniline)
agrees with the predicted frequencies of both anti (209 cm-1) and syn (211 cm-1)
conformers, and the measured υ39+-υ39 difference of La(aniline) has slightly better match
to the predicted value of the anti conformer (11 cm-1) than that of the syn conformer (-5
cm-1). A question arises about which conformer, anti or syn, is the carrier of the ZEKE
spectrum.

Although, the relative energies and vibrational frequencies of the two

conformers provide no definitive answer about the question, the consideration of the FC
intensity indicates that the spectral carrier should be the anti conformer. This is because
ionization of the syn structure converts the neutral complex to the anti conformation, and
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the inversion of the NH2 group results in a very long FC profile with no significant 0-0
band intensity. This FC behavior of the anti ← syn ionization is apparently inconsistent
with the observed spectrum. Therefore, we conclude that the anti conformer, rather than
the syn conformer, is responsible for the observed spectra of each complex. We searched
for possible ZEKE spectra from the anti ← syn ionization in a higher energy region and
could not find any signal.

4.3.4 Anomalous transition intensity

In our previous studies of metal complexes with benzene and its derivatives, we
have found that the intensities of the single-photon ZEKE spectra are reasonably
described by the FC principle and harmonic oscillator approximation.142,179,181,186
However, a considerable discrepancy between the calculated and measured spectra are
noted for the M(aniline) complexes. Figure 1b shows the simulation (50 K) of the anti ←
anti ionization of Sc(aniline). In this simulation, the theoretical 0-0 band position is
shifted to the experimental value, but the harmonic frequencies are not scaled. The
simulation displays comparable frequencies and intensities for transitions associated with
modes υ38+, υ21+, υ20+, υ19+, υ36+, and υ15+. On the other hand, it considerably
overestimates the intensities associated with mode υ39+ transitions (i.e., 127 cm-1 and its
combination bands in Figure 4.1b) and significantly underestimates its frequency. If the
band intensities associated with the υ39+ transitions are normalized to the measured
values, the simulation is then in reasonable agreement with the experimental spectrum as
shown in Figure 4.1c. Because the theoretical frequencies of υ21+ (372 cm-1) and υ20+ (374
cm-1) are close to each other, the experimental 2110 (354 cm-1) and 2010 (369 cm-1) bands
are not resolved in the simulation. Although non-FC intensity patterns were previously
observed in the ZEKE spectra of metal dimers183,187,188 and metal oxides,163,189-192 this is
the first observation of unusual intensities in the ZEKE spectra of metal-organic
complexes.
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A possible reason for the discrepancy is the vibrational autoionization of the highlying Rydberg states, which competes with the delayed field ionization. This mechanism
has been used to explain the non-FC intensities in the previous studies of metal
dimers88,187,188 and metal oxides.189-192 To investigate this possibility, we measured the
ZEKE spectra with various time-delays of the electric field (1-5 μs) but did not find any
unusual intensity change for the υ39+ transitions (in comparison to the intensity changes of
the other bands). This measurement suggests that if the vibrational autoionization occurs,
it must be faster than the 1 μs delay. A second possibility is the Herzberg-Teller effect.193
The Herzberg-Teller effect typically involves non-totally symmetric vibrations in an
allowed electronic transition and results in intensity stealing of a non-totally symmetric
mode from other vibrations. Although υ39 is a non-totally symmetric mode (a") in the ion
electronic state (1A', Cs), but it is a totally symmetric one (a) in the neutral state (2A, C1).
As pointed out earlier, when the two electronic states that are involved in the transition
have different symmetries, the general selection rule applies to the comment symmetry
element of the two states. Thus, the a" mode is allowed in the 1A' (Cs) ← 2A (C1)
transition.

Moreover, if the Herzberg-Teller intensity stealing mechanism plays a

significant role, the experimental intensity for the υ39+ transitions should be stronger than
that of the prediction where such effect is not included; however, the observed intensity
for the υ39+ transitions are much weaker. Thus, we don't expect the Herzberg-Teller effect
to be responsible for the observation. A third possibility is the failure of the harmonic
approximation. To investigate this possibility, we calculated anharmonic frequencies of
the Sc(aniline) 1A´ ion state at the DFT/B3LYP level of theory, and the values for the
vibrational modes smaller than 500 cm-1 are listed in Table 4.3. As it can be seen in the
table, the harmonic and anharmonic frequencies are very different for υ39+ but quite
similar for all other modes. Similar results are also predicted for the Y and La complexes
(Table 4.3). This finding suggests that the large anharmonicity may contribute to the
abnormal intensity pattern of the υ39+ transitions. However, this assumption remains to
be confirmed as our current computational code uses the harmonic approximation.
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4.5 Conclusions

We have obtained the first high-resolution electron spectra of M(C6H5NH2) (M =
Sc, Y, and La) using ZEKE spectroscopy and identified the structures and electronic
states of the neutral and ionic complexes. The ZEKE spectrum of each complex exhibits
a strong origin band, a short M+-ligand stretching progression, and several low-frequency
ligand-based vibration intervals.

The AIE of each complex is lower than that of the

corresponding metal atom, and metal-ligand bonding is stronger in the ion complex than
in the neutral species. The intensities of the most vibronic transitions can be reasonably
described by the FC principle with the harmonic approximation. However, the intensity
of a low-frequency out-of-plane ring deformation mode is greatly overestimated by the
FC simulation and is likely caused by the anharmonic nature of the mode.
Although aniline offers two possible binding modes for the metal atoms, a π
binding mode is identified with the metal atoms being over the phenyl ring. Although the
amino hydrogens can be either side of the phenyl ring upon metal coordination, the
ZEKE spectrum of each complex can only be accounted for by ionization of the anti
conformer with the amino hydrogens opposite to the metal atom.

For all three

complexes, the neutral ground states are determined to be 2A (C1), and the ion ground
states are 1A' (Cs).

The formation of the 2A neutral states requires a (n+1)s electron

excitation from the nd1(n+1)s2 ground configuration to the nd2(n+1)s1 excited
configuration of the metal atoms. The ion ground states are formed by the removal of the
metal-based (n+1)s1 electron. In both the neutral and ion states, the phenyl ring is nonplanar because of the differential metal binding with the ring carbons.
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Table 4.1 Band positions (cm-1) and assignments of M (aniline) (M = Sc, Y, and La) from
ZEKE spectra. The band positions are relative to those of the origin bands in parentheses,
with the absolute uncertainty of 5 cm-1. Reprinted with permission from J. Chem. Phys.
2013, 138, 224304. Copyright 2013 AIP publishing LLC.
Sc(aniline)
Y(aniline)
La(aniline)
Position
Assignment
Position
Assignment Position
Assignment
0 (39859)
127
151
288
354
369
386
415
486
515
536
563
576
658
723
740
749
758
770
800
896
913
920
950
1026
1104
1120
1135
1148
1181
1209

000
3910
2210
3810
2110
2010
1910
3910 3810
3610
39101910
22101910
3910 2210 3810
3802
3810 2010
2110 2010
21101910 or 2002
1510
20101910
1902
3910 38101910
39101902
2210 20101910
22101902

0 (39436)
69
91
106
128
163
218
241
339
368
395
414
467
551
557
565
590
650
677
690
906
1012
1073

000
3910
3810 3911
2202 3911
2210
3810 3912
2210 3810 3911
3810
2110
2210 3810
3902 2202
2202 3810 3912
2210 2110
3910 3802
2210 2110 3810 3911
3910 2202 3810
2210 2110
3910 3810 2110
2102
2202 3810 2110 3911
3910 2202 3810 2110
2130
3902 2202 2102

3910 2210 38101910
3810 21101910
1510 2110
1510 2010
15101910
1930
2210 3810 21101910
2210 38101902
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0 (35498)
22
87
110
131
219
241
285
297
320
329
395
407
503
516
543
559
576
592

000
3911

NA
2210
2210 3911
2202
2202 3911
2110
2010
2010 3911
2230
2210 2110
2210 2010
2202 2110
2202 2010
2202 2010 3911
2202 2010 3922
2110 2010
2002

Table 4.2 Point groups, electronic states and relative energies (Erel, cm-1), and transition
energies with vibrational zero point correction (AIE, cm-1) of M(aniline) (M = Sc, Y, and
La) isomers from DFT/B3LYP and CCSD (T) calculations. The energies from CCSD(T)
calculations are in parentheses. Reprinted with permission from J. Chem. Phys. 2013,
138, 224304. Copyright 2013 AIP publishing LLC.
Complex
Neutral
Ion
Transition
State
Sc(aniline)
σ-isomer (Cs)
π-syn (C1)
π-anti (C1)

2

3690
7656

2

0 (0)
1926
44 (12)

A'
4
A
A
A"
2
A

4

4

A"

TSa
Y(aniline)
π-syn (C1)
π-anti (C1)

2

A
A"
2
A

4

4

La(aniline)
π-syn (C1)
π-anti (C1)

184(512)

A
A"
2
A
A"

TSa

A'
3
A

1

3

0(107)
2395
0.2 (0)

TSa
4

1

A'

A"

Erel

AIE

43734
42892

40006
39420
35998

1

38922
(39160)
40198

39110
(39380)
40724
38621

1

A'←2A'
3
A←2A'
3
A←4A
A'←2A

3
3

A"←2A
A"←4A"

168(372)

2539

2

State

2108

A"

4

a

Erel

1

3

0 (712)
893
34(0)

A"

1

3

1222
188(398)

TS: transition state.
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A'

A'

A"

38963
(39800)
40060

39127
(41238)
40599
38116

35414
(33933)
36926

35097
(34253)
37447
36202

1

A'←2A

3

A"←2A
3
A"←4A"

1

3
3

A'←2A

A"←2A
A"←4A"

Table 4.3 Harmonic (ω, cm-1) and anharmonic (ν , cm-1) frequencies (< 500 cm-1) of
M+(aniline) (1A', Cs) and M (aniline) (2A, C1) (M = Sc, Y, and La) from DFT/B3LYP
calculations. Reprinted with permission from J. Chem. Phys. 2013, 138, 224304.
Copyright 2013 AIP publishing LLC.
Modea

Sc(aniline)
1

a

A' (ω, ν )

Y(aniline)
2

A (ω, ν )

1

A' (ω, ν )

La(aniline)
2

A (ω, ν )

1

A' (ω, ν )

2

A (ω, ν )

a'',υ39

(108, 185)

(177, 73)

(69, 327)

(209, 190)

(158, 198)

(151, -67)

a', υ22

(156, 150)

(151, 148)

(137, 135)

(127, 126)

(121, 117)

(110, 101)

a'', υ38

(269, 271)

(248, 233)

(249, 253)

(238, 221)

(240, 237)

(217, 177)

a', υ21

(372, 361)

(318, 318)

(327, 327)

(323, 301)

(270, 266)

(257, 209)

a', υ20

(374, 378)

(477, 223)

(343, 329)

(288, 277)

(319, 309)

(292, 287)

a',υ19

(386, 379)

(361, 342)

(376, 340)

(521, 361)

(395, 390)

(387, 382)

a'',υ37

(390, 387)

(383, 381)

(390, 387)

(382, 382)

(417, 333)

(491, 299)

a'', υ36

(489, 485)

(348, 346)

(478, 472)

(345, 321)

(455, 466)

(356, 352)

symmetry species are labeled according to the point group of the M+(aniline) 1A' state

(Cs) and the vibrational modes are numbered on the basis of Sc+(aniline).
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Table 4.4 Adiabatic ionization energies (AIE, cm-1),a and vibrational frequencies (cm-1)b
of M(aniline) (M = Sc, Y, and La) from ZEKE spectra and DFT/B3LYP calculations (in
parentheses). Reprinted with permission from J. Chem. Phys. 2013, 138, 224304.
Copyright 2013 AIP publishing LLC.
Mode
Sc(aniline)
Y(aniline)
La(aniline)
AIE
39859
39436
35498
(39110)
(39127)
(35097)
749 (779)
Out-of-plane, C-H bend, a', v15+ ,
+
386 (387)
339 (327)
297 (270)
M-aniline stretch, a', v19
+
369 (374)
NH2 inversion, a', v20
NH2 inversion with C2-M-C6 stretch, a',

354 (372)

285 (319)

+
21

v

Out-of-plane, C-NH2 & M-ring wag , a',

151 (156)

128 (137)

486 (489)
288 (269)

241 (249)

127 (108)

69 (69)

110 (121)

+
22

v

NH2 wag, a'', v36+
Out-of-plane, ring (C1, C2, C6)
deformation with NH2 wag and C6-M-C6
asymmetric stretch, a'', v38+
Out-of-plane, ring (C2, C3, C5, C6)
deformation with C3-M-C5 asymmetric
stretch, a'', v39+
a

The uncertainty of AIE from ZEKE spectroscopy is ~5 cm-1.

b

The vibrational mode descriptions are approximate and numbered on the basis of the

Sc(aniline) ion. The atomic numbering is from Figure 4.5.
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(c)

(a)

(b)

35400 (100)
39200 (50)
39850

35000

38000 39000 40000

Wavenumber (cm-1)
Figure 4.1 PIE spectra of M(aniline) [M=Sc (a), Y (b), and La (c)]. Sc(aniline) was
seeded in Ar carrier, and the Y and La complexes were seeded in a He/Ar mixture. The
ionization threshold of each complex is located by the intersecting point of two lines as
pointed by the arrow. Reprinted with permission from J. Chem. Phys. 2013, 138, 224304.
Copyright 2013 AIP publishing LLC.
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0-0 (39859)
386
288
369

127
151

749

354
486

(a) Exp. in Ar

(b) 1A' ← 2A

(c) 1A' ← 2A

0

200

400

600

800

1000 1200

Wavenumber (cm-1)
Figure 4.2 Experimental ZEKE spectrum of Sc(aniline) seeded in Ar carrier gas (a), the
spectral simulation (50 K) of the 1A' (Cs, anti) ← 2A (C1, anti) transition (b), and the
simulation (50 K) the 1A' (Cs, anti) ← 2A (C1, anti) transition with the intensities of the
υ39+ (127 cm-1) transitions being normalized to the experimental values (c). In the
experimental spectrum, two vibrational progressions and independent vibrational
intervals are labeled, others are combination bands of two or more modes. Reprinted with
permission from J. Chem. Phys. 2013, 138, 224304. Copyright 2013 AIP publishing
LLC.
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0-0
339

69
128

0

241

200

400

600

800

1000

-1

Wavenumber (cm )
Figure 4.3 Experimental ZEKE spectrum of Y(aniline) seeded in He/Ar mixture carrier
gas. A vibrational progression and independent vibrational intervals are labeled, others
are combination bands of two or more modes. Reprinted with permission from J. Chem.
Phys. 2013, 138, 224304. Copyright 2013 AIP publishing LLC.
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0-0 (35498)
297
110

285
22 87
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500

600

-1

Wavenumber (cm )
Figure 4.4 Experimental ZEKE spectrum of La(aniline) seeded in He/Ar mixture carrier
gas. Two vibrational progressions and independent vibrational intervals are labeled,
others are combination bands of two or more modes. Reprinted with permission from J.
Chem. Phys. 2013, 138, 224304. Copyright 2013 AIP publishing LLC.
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Figure 4.5 Top and side views, point groups, and electronic states of σ (a), π-syn (b) , and πanti conformers of M(aniline) (M = Sc, Y, and La). The neutral complexes are in doublet
states and the ions are in singlet states. The π-syn conformer of the neutral species is
converted to the π-anti structure upon ionization. Reprinted with permission from J. Chem.
Phys. 2013, 138, 224304. Copyright 2013 AIP publishing LLC.
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CHAPTER 5. ELECTRONIC STATES AND STRUCTURES OF LANTHANIDE (Ce,
Pr, Nd, and Gd) COMPLEXES OF CYCLOOCTATETRAENE: THE ROLE OF f
ELECTRONS
Parts of this chapter are taken from “High resolution electron spectroscopy of lanthanide
(Ce, Pr, and Nd) complexes of cyclooctatetraene: the role of f electrons” J. Chem. Phys.
2013, 138, 164307 and “Electron spin multiplicities and molecular structures of neutral
and ionic lanthanide Gd-L (L=benzene and cyclo-octatetraene) complexes using ZEKE
spectroscopy” J. Phys. Chem. A 2011, 116, 839.

5.1 Introduction

Lanthanide (Ln)-arene complexes are among the most fascinating organometallic
compounds.194-201

They are fascinating because of the high reactivity toward other

inorganic and organic compounds,196 uses for storing bare metal atoms and exploring
low-valent metal chemistry,196,198 and applications in molecular catalysis,196,198,202,203
luminescent sensing, and biological imaging.204,205 Furthermore, their electronic
complexity presents challenges for spectroscopy and quantum chemistry. The electronic
complexity arises from the presence of unpaired 4f electrons and the competition of
possible 4f→5d and 6s→5d electron promotions in the formation of the organometallic
complexes.
1,3,5,7-cyclooctatetraene (COT) has a tub-like structure with a formula of C8H8
and is a nonaromatic molecule.206 However, it can be converted into a planar, arene
molecule by electron attachment147,207-211 or metal coordination.100,212-216 To investigate
fundamental interactions between Ln and COT, several gas-phase experimental studies
were reported on the formation and properties of their complexes. Kaya, Nakajima, and
coworkers reported mass, photoionization, and anion photoelectron spectra of
[Lnn(COT)n+1] (Ln = Ce, Nd, Eu, Ho, and Yb) and suggested that these complexes were
in multiple decker sandwich structures.105,217-220 The formation mechanism and bonding
nature of the lanthanide complexes were further analyzed using density functional theory
(DFT) calculations.221-223

Duncan and coworkers reported the mass-selected

photodissociation spectra of Sm, Dy, and Nd ionic complexes,224 and their observations
on the Nd complexes were consistent with the studies of Kaya, Nakajima, and
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coworkers.218,220,225,226

Miyajima, Knickelbein, and Nakajima reported the magnetic

moments of [Lnn(COT)m] (Ln = Eu, Tb, Ho, Tm) obtained from a Stern-Gerlach
magnetic deflection experiment and observed the increase of the magnetic moments with
increasing number of lanthanide atoms.219,227,228 Gibson studied the reactions of Ln+ with
COT and observed association and dehydrogenation products.229,230 In those studies,
reaction efficiencies were observed to be different among several Ln+ ions, and the
differences were explained by the metal-ion ground electron configurations and
promotion energies for excitation of a 4f electron to a valence 5d orbital. Similarly,
Marcalo and de Matos observed simple adducts and dehydrogenation products for
reactions of Ln+ with COT and other cyclic hydrocarbons.231 Besides the experimental
measurements, Dolg and coworkers reported computational studies of Ln(COT) (Ln =
Nd, Tb, and Yb) and found that the Ln atoms were formally in the trivalent state with a
4fn electron configuration.142,232,233

Earlier in the group we have studied the electronic states and molecular structures
of monoligand complexes M(COT) (M = Sc, Y, and La) using pulsed-field ionization
zero electron kinetic energy (ZEKE) spectroscopy and DFT calculations.134 We
determined the ground electronic states of these complexes to be 2A1 (C8v) with the
(n+1)s1 metal-based electron configurations for M = Sc, Y, and La. In the formation of
these complexes, two electrons are transferred from the M atoms to the ligand, and the
tub-shaped COT becomes a planar molecule.

Despite the considerable experimental and computational effort, there have been
no reports for any Ln(COT) complexes of high-resolution electronic spectroscopy, which
should provide direct evidence about the bonding and structures of these systems.179 This
motivated us to initiate a project on the spectroscopy of organolanthanides radicals. In
this chapter, we report the pulsed-field ionization zero electron kinetic energy spectra of
reactive

monoligated

Ln(COT)

complexes.

By

combining

the

spectroscopic

measurements with ab-initio calculations, we determined the electron spin multiplicities
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of the neutral and singly charged cations and investigated the bonding mechanism in
these systems.

5.2 Experimental and computational methods

The metal-cluster beam ZEKE spectrometer used in this work was described in
previous publications.131,180 Ln(COT) complexes were prepared by reactions of the Ln
atoms with the vapor of COT (98%, Aldrich) in a laser-vaporization cluster beam source.
The Ln atoms were produced by pulsed-laser (Nd:YAG, 532 nm, Continuum Minilite II)
vaporization of a Ln rod (Ce, 99.9%; Pr, 99.9%; Nd, 99.9%; Gd, 99.9% Alfa Aesar) in
the presence of He or Ar carrier gas (ultra high purity, Scott-Gross) or a mixture of He/Ar
at ~80 psi. These gases were delivered by a homemade piezoelectric pulsed valve. The
COT vapor was introduced to a small collision chamber located 2-3 cm downstream of
the ablation point. The Ln complexes formed in the collision chamber were expanded
into the vacuum, collimated by a cone shaped skimmer (2 mm inner diameter), and
passed through a pair of charged deflection plates (+500 V) to remove residual ionic
species formed during laser ablation. The neutral products were identified by
photoionization time-of-flight mass spectrometry. The ionization laser beam was the
frequency-doubled output of a tunable dye laser (Lumonics HD-500), pumped by the
third harmonic output (355 nm) of a Nd:YAG laser (Continuum Surelite II).

Ionization thresholds of the complexes were located using photoionization
efficiency (PIE) spectroscopy by recording the mass-selected ion signal as a function of
the ionization laser wavelengths. ZEKE electrons were produced by photoexcitation of
the neutral complexes to highly excited Rydberg states, followed by field ionization of
these Rydberg states with a 3 µs delayed, pulsed-electric field (1.2 V cm−1, 100 ns). A
small dc field (0.06 Vcm−1) was applied to discriminate ZEKE electrons from the kinetic
electrons produced by direct photoionization. A delay pulse generator was used to
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generate the electric field for ionization. Both ion and ZEKE electron signals were
captured by a dual microchannel plate detector, amplified by a preamplifier, averaged by
a gated integrator, and stored in a laboratory computer. The excitation laser wavelengths
were calibrated against vanadium or titanium atomic transitions in the wavelength range
of the ZEKE spectra.
Geometries and vibrational frequencies of the neutral and cationic complexes were
calculated with the unrestricted MP2 perturbation method.234 Single-point energies at the
MP2 optimized geometries were calculated by the unrestricted coupled cluster method
with single, double, and perturbative triple excitation [CCSD(T)].235 In these calculations,
Stuttgart–Dresden effective core potential (designed as SDD ECP) basis sets were used
for the Ln elements and 6-311+G(d,p) basis for C and H atoms. The SDD ECP basis sets
include 28 core electrons.236,237 The calculations were performed using GAUSSIAN 03
quantum chemistry package.81 Furthermore, electron configurations were investigated by
the state-average complete active space self-consistent field (SA-CASSCF) method82
implemented in MOLPRO 2010 program for Ce, Pr, Nd(COT) complexes. These
calculations were not performed for Gd(COT) because compared to other metal atoms the
Gd 4f orbitals are much lower in energy than the Gd 5d/6s orbitals and the COT π
orbitals as they are half filled. Thus, they are completely localized and will not participate
in the interactions with the COT π orbitals.238,239 Since the Ce atom has the ground
electron configuration of [Xe]4f5d6s2, four valence electrons and 16 valence orbitals
were initially selected as the active space of Ce(COT), which was denoted as CAS (4,
16).

Calculations with CAS (4,16), however, showed that two Ce electrons were

transferred to the COT ligand and only two valence electrons were left with the metal
atom. Therefore, the active space of Ce(COT) was reduced to CAS (2,16). By similar
considerations, CAS (3, 16) was chosen for Pr(COT) and CAS (4,16) for Nd(COT). For
the corresponding ions, the active spaces of the Ce, Pr, and Nd complexes were CAS (1,
16), CAS (2, 16), and CAS (3, 16), respectively.

Multidimensional Franck–Condon (FC) factors were calculated from the
equilibrium geometries, harmonic vibrational frequencies, and normal coordinates of the
neutral and ionized complexes.84 The Duschinsky effect was considered to account for
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normal mode differences between the neutral and ionic complexes in the FC
calculations.60 A Lorentzian line shape with the experimental linewidth was used to
simulate spectral broadening. Transitions from excited vibrational levels of the neutral
complexes were simulated by assuming thermal excitations at specific temperatures.

5.3 Results and discussion

5.3.1 PIE spectra of Ln(COT) complexes (Ln = Ce, Pr, Nd, and Gd)
Figure 5.1 displays the PIE spectra of the four Ln(COT) complexes seeded in He
carrier gas. The wavenumbers were corrected by +110 cm-1, which was induced by the dc
extraction field of 320 Vcm-1 applied in the ionization region. Each spectrum begins with
a small and slowly rising signal, followed by an onset. The signal onset (indicated by an
arrow) is estimated by a point at which the line drawn through the signal rise intersects
with a line drawn through the baseline and corresponds to the first ionization threshold of
the complex. From the onsets, the ionization thresholds are measured to be 36750 (150),
37700 (200), 38200 (200), and 40350 (100) cm-1 for Ce(COT), Pr(COT), Nd(COT), and
Gd(COT), respectively. The ionization thresholds from the PIE measurements are used to
simplify the search for and correlate with ZEKE signal.

5.3.2 Gd (COT) complex

5.3.2.1 Gd(COT) ZEKE spectrum
Figure 5.2 shows the ZEKE spectrum of Gd(COT) seeded in He, with the origin
band at 40385 (5) cm-1. The spectrum displays a major progression, satellite peaks to the
blue of the main progression, weak transitions to the red of the origin band, and two very
sharp peaks marked by asterisks. The intervals of the main progression are 269 cm-1, the
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separations of the satellite peaks from the main band and with each other are 24 cm-1, and
the weak transition on the lower-energy side is 245 cm-1 from the origin band. The ZEKE
spectrum of La(COT) is similar to that of Gd(COT), which displays a major progression
of 278 cm-1 and hot band of 256 cm-1 below the 0-0 band.134 By comparison with the
spectrum of La(COT), the 269/245 cm-1 intervals can be assigned to the Gd+/Gd(COT)
stretching frequencies, and the 24 cm-1 satellite peaks are sequence transitions between
the excited metal-ligand stretching levels of the ionic and neutral complexes. The sharp
peaks marked as asterisk are due to atomic transitions, and one of these (41364 cm-1) was
observed in the spectrum of Gd(C6H6) as well. The assignment of the 269/245 cm-1
transitions to the Gd+/Gd(COT) stretching vibrations is also consistent with those of the
group III M(COT) (M = Sc, Y, and La) complexes.134 For example, the spectra of
Gd(COT) and La(COT) are quite similar, and the 269/245 cm-1 intervals are close to the
La+/La(COT) stretching frequencies of 278/256 cm-1. If the La+/La(COT) stretching
frequencies

are

used

in

the

formula

ν(Gd(COT))/ν(La(COT))

=

[μ(La(COT))/μ(Gd(COT))]1/2], the Gd+/Gd(COT) stretching frequencies are estimated to
be 272/250 cm-1. The estimates are almost identical as the measured values of 269/245
cm-1, suggesting that the assignment is correct.

5.3.2.2 Predicted electronic states

To determine the electronic transitions contributing to the observed spectra, we
searched for low-lying electronic states of the neutral and ionized complexes using
MP2/SDD calculations. Table 5.1 lists the molecular point groups, Gd-C distances,
electronic states, relative energies, and transition energies of possible ionization
processes. Searches with lower molecular symmetry were also carried out, but the initial
low-symmetry structures were C8v or C4v for Gd(C8H8), depending on electron spin
multiplicities. Because Gd and Gd+ are in the ground electron configurations of
[Xe]4f75d6s2 (9D02) and [Xe]4f75d6s (10D05/2), we considered the electron spin
multiplicities of 9 and 11 for the neutral complexes and 10 and 8 for the corresponding
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ions in our computational search. The ground state of Gd(COT) is predicted to be in a
lower-spin state, 9A2 (C8v). The Gd-based valence electron configuration of the 9A2 state
is 4f76s, two electrons less than the ground state of the free atom. This is caused by twoelectron transfer from Gd to the ligand upon COT coordination. Figure 5.3 presents the
molecular orbital interaction diagram between the Gd atom and COT molecule. The
outermost π4 and π5 orbitals of the ligand are doubly degenerate and partially filled if
COT is planar (as shown in the figure) or they are non degenerate with π5 being empty if
the molecule is bent (as in its ground electronic state).206 In either case, the free ligand
has a tendency to accept two electrons to become aromatic (i.e., with 4n + 2 π electrons).
Under C8v point group, the Gd dxy and dx2-y2 orbitals and the ligand π4 and π5 orbitals are
in e2 representation. The orbital interaction between the dxy and dx2-y2 and π4 and π5
orbitals leads two electron transfer from the metal atom to the ligand so that the
degenerate π4 and π5 orbitals are completely filled. As a result, there is only one unpaired
electron in the Gd 6s-based molecular orbital, making the total electron spin multiplicity
of 9. The highest occupied orbital 2a1 again consists of largely Gd 6s character mixed
with Gd 5dz2. The transfer of two Gd electrons to COT makes the ligand like an dianion
as shown by Table 5.2, which lists the C-C bond distances of COT, COT-, COT2-,
Gd(COT) [or Gd2+(COT)2-], and [Gd(COT)]+ [or Gd3+(COT)2-].The C-C bond distances
are different in COT and COT-1, but the same in COT2-, Gd(COT), and [Gd(COT)]+. The
structures of the organic molecule are tub-shaped for COT, D4h planar for COT-, and D8h
planar for COT2- and coordinated COT in the complex.
Ionization of the 9A2 ground state does not affect the geometry of the organic
moiety, suggesting again that the ejected electron comes from the metal-based molecular
orbital. If there were no electron transfer from Gd to COT, the complex would be in a
higher electron spin state, 11B2. The higher spin 11B2 state is predicted to be about 27000
cm-1 above the lower-spin 9A2 state (Table 5.1). From Table 5.1, the 9A2 state is the
ground state of the neutral complex, and the predicted AIE of the 8A2 ← 9A2 transition
(40122 cm-1) matches the measured value (40385 cm-1). Although the AIE of 10B2 ← 11B2
is also predicted to be comparable to the experimental value, the 11B2 neutral state is more
than 27000 cm-1 above the 9A2 ground state. The AIE of 10B2 ← 9A2 is too high compared
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to the experiment. Moreover, the simulation of 8A2 ← 9A2 nicely reproduces the
experimental spectrum, as shown by Figure 5.2. Therefore, the ionization process probed
by the experiment is probably 8A2 ← 9A2. In contrast, the simulations of the other two
transitions (not shown) display either a much longer FC profile or smaller vibrational
intervals. The vibrational assignment based on the simulation of the 8A2 ← 9A2 transition
is consistent with that obtained from the comparison with the ZEKE spectrum of
Gd(COT) discussed above and listed in Table 5.3. Table 5.3 also presents the calculated
metal-ligand stretching frequencies, AIEs, and metal-ligand dissociation energies of the
two Gd complexes. Computational errors in the vibrational frequencies are in the range
between -1 and +22 cm-1 (with relative errors of 0.5-8.5%). Computed AIEs are 596 and
263 cm-1 smaller than the measured values for Gd(C6H6) and Gd(COT), respectively
(with the relative errors of 1.5% and 0.6%, respectively). Experimental dissociation
energies are not available for checking the accuracy of the calculated dissociation
energies. However, the quality of the predicted dissociation energies can be evaluated
from the thermodynamic relation AIE (Gd) - AIE(Gd(COT)) = D0+ [(Gd(COT))+] - D0
(Gd(COT)), where D0+ and D0 are the metal-ligand bond dissociation energies of the
ionized and neutral complexes. For Gd(COT), the predicted (bond energy) and measured
differences are 8489 and 9216 cm-1, respectively; thus, theory is in reasonable agreement
with the experiment. For Gd(COT), the metal-ligand bond energy is larger in the cation
than in the neutral species because of the additional charge interactions. The charge
interaction in [Gd(COT)]+ is between the triply charged Gd3+ cation and the doubly
charged COT2- anion.

5.3.3 Ce(COT) complex

5.3.3.1 Ce(COT) ZEKE spectrum
The ZEKE spectrum of Ce(COT) seeded in He is shown in Figure 5.4. It exhibits
three band systems originating from the 36773 (5), 36905 (5), and 37684 (5) cm-1 bands,
respectively. The 36773 cm-1 system consists of four intervals of 276 cm-1 at the higher
energy side and a 256 cm-1 interval at the lower energy side of the origin band.
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Superimposed on the origin band and several other bands are satellite peaks separated by
~20 cm-1. The energy of the origin band corresponds to the adiabatic ionization energy
(AIE) of the complex, which has a much smaller uncertainty than the ionization threshold
measured from the PIE spectrum. The AIE of Ce(COT) is lower than that of the Ce atom
(44672 cm-1),183 suggesting the Ce-COT bonding is stronger in the ion than that in the
neutral complex. The second system originating from the 36905 cm-1 band also exhibits
276 cm-1 intervals to the blue side of the origin band, 256 cm-1 intervals to the red side,
and several satellite peaks. Similarly, the third system beginning from the 37684 cm-1
band exhibits vibrational intervals of ~276 cm-1, but it is less resolved because of partial
overlaps with some of the bands in the first two systems. The positions of the ZEKE
bands are listed in Table 5.4.

The ZEKE spectrum of Ce(COT) is more complicated than those of M(COT) (M =
Sc, Y, La) previously reported by our group.134,240 The spectra of M(COT) and Gd(COT)
discussed above exhibit one and only one band system that is similar to one of the band
systems of the Ce(COT) spectrum. For example, the whole spectrum of La(COT)39
displays a vibrational progression of 278 cm-1 for the 1A1 (C8v) ion state and an
vibrational interval of 256 cm-1 for the 2A1 (C8v) neutral state. The 278 and 256 cm-1
intervals were assigned to the La-COT stretching frequencies in the ion and neutral states,
respectively. Because the vibrational intervals observed in each band system of the
Ce(COT) spectrum are comparable to those of the La(COT) or Gd(COT) spectra, these
intervals can easily be assigned to the Ce-COT stretching frequencies in the ion and
neutral states as well.

Because of the resemblance of the vibrational intervals and

spectral profiles in the three band systems, the highest occupied molecular orbitals
(HOMOs) and molecular structures responsible for these band systems should be similar
to each other.

5.3.3.2 Predicted electronic states
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Table 5.5 lists low-energy electronic states, electron configurations, and relative
energies from the CCSD(T)//MP2 calculations. The molecular structure of these states
have C8v symmetry, similar to those of M(COT).134,240 The neutral states have the Cebased valence electron configuration of 4f16s1. The electronic symmetries of these states
are determined by the location of the 4f1 electron and the electron spin multiplicities by
the relative orientation of the 4f1 and 6s1 electrons. In C8v point group, the 6s orbital is in
the a1 representation, and the seven 4f orbitals are split into four: a1(f0), e1(f±1), e2(f±2),
and e3(f±3). Thus, four electronic symmetries, A1, E1, E2, and E3 are generated by the
direct products of a1 (6s) with a1(f0), e1(f±1), e2(f±2), and e3(f±3), respectively. Each
electronic symmetry can be associated with electron spin multiplicities of 1 and 3 to
produce a total of eight electronic states: 1,3A1, 1,3E1, 1,3E2, and 1,3E3. For the states of the
same electron configurations, the triplet is slightly more stable than the singlet, consistent
with the Hund's rule of the maximum multiplicity. Because of the splitting of the 4f
orbitals in the C8v ligand field, the electronic states with the same spin multiplicity show
slightly different energies.

Unlike the free Ce atom with a 4f15d16s2 electron

configuration, Ce(COT) has a metal-based configuration of 4f16s1. The difference arises
from the two electron transfer of Ce to COT upon the formation of the complex. Like
previously reported M(COT) complexes,134 the electron transfer in Ce(COT) converts the
tub-shaped COT into a planar, aromatic molecule with equal C-C bond lengths. Because
the Ce atom has four valence electrons (4f15d16s2), we also searched for a quintet state
for the neutral complex. However, geometry optimization was not converged with an
initial guess of a tub-shaped COT or the converged structure was not a minimum (two
imaginary frequencies) with an initial guess of a planar COT. The converged quintet state
shows no electron transfer from Ce to COT and is ~2.5 eV higher than the singlet and
triplet states.
Ionization of the triplet or singlet states yields four doublet ion states by removing
1

the 6s electron. Because the removal of the 6s1 electron reduces the electron shielding
for the 4f orbitals, the effect of the COT field on the 4f orbitals is stronger and as a result,
the splitting of the 4f orbitals in the ion is slightly larger than that in the neutral complex.
The maximum energy difference among the four doublet ion states is predicted to be ~0.2
eV, about twice as large as that among the triplets or singlets (Table 5.5). Because the
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HOMO of the neutral states has a metal-based electron (6s1), ionization has a small effect
on the geometry of the complex. The removal of the 6s electron reduces the metal-ligand
distance by ~0.04 Å, and this bond-length change is responsible for the activity of the
metal-ligand stretching vibration in the spectrum.

The three band systems of the ZEKE spectrum exhibit different intensities: the
36905 cm-1system is stronger than the 36773 cm-1 system and the 36773 cm-1 system
stronger than the 37684 cm-1 one. The intensity variation may arise from different FC
factors, state populations, or both. Because the Ce-C bond lengths are similar among the
neutral (2.601(3) Å) and ion (2.559(3) Å) states, respectively, FC factors of the metalligand stretching progressions are comparable for all ionization processes. Thus, the
different intensities of the three band systems must result from the population differences
of the neutral states. In other words, the ionization processes responsible for the observed
spectrum should originate from multiple neutral states at different energies, rather than
from a single state. The relative populations of the neutral states can be estimated from
N
g −
Boltzmann distribution: 2 = 2 e
N1 g1

E2 − E1
kbT

, where N2 and N1 are the average numbers of

molecules, g2 and g1 the degeneracy, E2 and E1 the energies of the two states, kb
Boltzmann constant, and T temperature. Because the energy differences among the
lowest neutral states are comparable to the vibrational frequencies of the metal-ligand
stretching mode, we treat the electronic temperature the same as the vibrational
temperature. The vibrational temperature is estimated to be ~300 K by comparing the
spectral simulation with the experimental spectrum. At 300 K, the population ratios of
1

E2:3E2:1E1:1E3:1A1:3E3:3E1:3A1

are

calculated

to

be

0.01:0.03:0.06:0.09:0.06:0.34:0.64:1.00 by using the energies with vibrational zero-point
corrections (E0) in Table 5.5. Because of the insignificant populations, the 1E2, 1E1, 1E3,
1

A1 and 3E2 states can be excluded from the carriers of the observed spectrum. On the

other hand, the population ratios of 3E3:3E1:3A1 (0.34:0.64:1.00) are comparable to the
intensity ratios of the origin bands of the three systems [i.e., I(37684 cm-1):I(36773 cm1

):I(36905 cm-1) = 0.30:0.67:1.00)]. Moreover, the AIEs of the 3E3, 3E1 and 3A1 are

predicted to be 37381, 36355, and 36375 cm-1, which is in the same order as the energies
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of the three origin bands (i.e., 37684, 36773, and 36905 cm-1). On the basis of these
comparisons, the 37684, 36773, and 36905 cm-1 band systems can reasonably be assigned
to the 2E3 ← 3E3, 2E1 ← 3E1, and 2A1 ← 3A1 transitions. This assignment is further
supported by the spectral simulations in Figure 5.4 (c-e). In each simulation, the intensity
of the 0-0 transition is normalized to that of the corresponding experimental origin band.
The position of the 0-0 transition is also shifted to the experimental value, but the
vibrational frequencies are not scaled. Although none of the individual simulations
matches with the experimental spectrum, the sum of the three simulations does.

All three ionization processes display a strong origin band in the spectrum. This
observation is consistent with the theoretical predictions of similar geometries in the
neutral and ion states. As shown in Table 5.5, the maximum change from the triplet to
the doublet state is 0.040 Å in the Ce-C distances and 0.001 Å in the C-C and C-H bond
lengths.
5.3.4 Pr(COT) ZEKE spectrum
The ZEKE spectrum of Pr(COT) show similar characteristic to the spectrum of
Ce(COT). The spectrum of Pr(COT) exhibits three band systems originating from 37585
(5), 37749 (5), and 37839 (5) cm-1 as shown in Fig 5.5(a). It also shows several sharp
peaks (marked by asterisks) arising from atomic transitions. The 37839 cm-1 band system
is the strongest among the three. It consists of three intervals with a spacing of 274 cm-1
at the higher energy side of the origin band, two 254 cm-1 intervals at the lower energy
side, and satellite peaks 20 cm-1 from the main bands of the 274 cm-1 progression. By
comparing with the spectrum of Ce(COT), the 254 and 274 cm-1 intervals are easily
assigned to the Pr(COT) stretching frequencies in the neutral and ionic states,
respectively, and the 20 cm-1 satellite peaks are attributed to sequence transitions between
the excited metal-ligand stretching levels of the two electronic states. The 37749 cm-1
system is red shifted from the 37839 cm-1 by about 90 cm-1 and has the weakest intensity.
Nevertheless, the band system shows clearly a 274 cm-1 interval and perhaps a second
one buried underneath an atomic transition at 38397 cm-1. The third system originating
from the 37585 cm-1 band has a similar structure to the 37839 cm-1 system, and is red
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shifted by ~250 cm-1. It shows a progression of 274 cm-1 to the blue side and at least one
254 cm-1 interval to the red side of the origin band. Because of the ~250 cm-1 shift,
however, the two band systems are partially overlapped.
possibility that the 37585 cm

-1

We also considered a

system might be a part of the 37839 cm-1 system.

However, this assignment would lead to a very strong vibrational hot band at 37585 cm-1,
which is not consistent with the observations for the other two complexes.

5.3.5 Nd(COT) ZEKE spectrum
The ZEKE spectrum of Nd(COT) show similar characteristic to the spectra of
Ce(COT) and Pr(COT). The ZEKE spectrum of Nd(COT) exhibits four band systems
originating from the 38185 (5), 38202 (5), 38285 (5), and 38398 (5) cm-1 bands (Figure
5.6a). The strongest band system with the 38285 cm-1 origin band shows a progression of
272 cm-1 to the blue side of the origin band and an interval of 250 cm-1 to the red side.
The 272 cm-1 intervals are also present in other three band systems, and a 260 cm-1
interval can be identified in the systems of 38185 and 38202 cm-1. Similar to Ce(COT)
and Pr(COT), the 250 (or 260) and 272 cm-1 intervals correspond to the Nd-COT
stretching frequencies in the neutral and ion states, respectively.

5.3.6 Possible ionization processes of Pr(COT) and Nd(COT)

The ground electron configurations of Pr and Nd are 4f36s2 and 4f46s2. Because of
the two electron transfer from the metal atom to the ligand upon coordination, the
electron configuration of Pr in Pr(COT) can be either 4f3 (if two 6s electrons are
transferred), 4f26s1 (if a 4f and a 6s electron are removed), or 4f16s2 (if two 4f electrons
are removed). Similarly, the electron configuration of Nd in Nd(COT) may be 4f4, 4f36s1,
or 4f26s2 depending on which two electrons are lost in forming the complex. Because the
Pr(COT) and Nd(COT) spectra are observed in the similar energy window as the
Ce(COT) spectrum, the HOMOs of the Pr and Nd complexes should consists of the
107

metal-based 6s1 electron as the Ce(COT) HOMO does. Thus, the metal-based ground
electron configurations in the neutral complexes are expected to be 4f26s1 for Pr(COT)
and 4f36s1 Nd(COT). Table 5.8 lists possible electron configurations and electronic states
of Pr(COT) (4f26s1) and Nd(COT) (4f36s1) obtained from symmetry considerations.
There are 10 electron configurations for Pr(COT) and 19 for Nd(COT) in C8v point
group. For each configuration, more than one electronic state may be derived. To explain
how these states are derived, we take the e222a11 configuration of Pr(COT) as an example.
The e22 sub-configuration gives 1A1, 3A2, 1B1 and 1B2 states and a11 gives a 2A1 state. The
singlet states (1A1, 1B1, and 1B2) are the symmetric product of e ⊗ e, while the triplet state
(3A2) is the antisymmetric product. The symmetric and antisymmetric products of
representations for common point groups can be found in Appendix III of the Herzberg's
book241 and can also be derived from the matrix representations of the point groups.242
Additionally, electron spin multiplicities of the electronic states from a configuration with
equivalent electrons can be obtained using the method of descending symmetry.243
Multiplying 2A1 by 1A1, 3A2, 1B1 and 2B2 yields a total of five electronic states: 2A1, 2A2,
4

A2, 2B1, and 2B2. The 10 electron configurations of Pr(COT) yield a total of 44 states,

with 31 doublets and 13 quartets. The 19 configurations of Nd(COT) give a total of 184
states consisting of 70 singlets, 92 triplets, and 22 quintets. From Hund's maximum
multiplicity rule, the lowest-energy states of Pr(COT) and Nd(COT) should have the
highest electron spin. Indeed, our SA-CASSCF calculations show that quartet states are
more stable than doublet states in Pr(COT), and quintets states are more stable than triplet
states in Nd(COT) (both by 0.1-0.2 eV).

On the basis of the above discussion and comparison with Ce(COT), the spectra of
Pr(COT) and Nd(COT) can reasonably be attributed to ionization of the quartet and
quintet states, respectively.

For Pr(COT), the 37839, 37585, and 37749 cm-1 band

� ← 4A
� and 3B
� ← 4�
� ← 4B
� transitions. Because the
systems are assigned to the 3X
X, 3A

intensity of the three systems is in the order of 37839 cm-1 > 37585 cm-1 > 37749 cm-1,
�. For Nd(COT), the
the energies of the quartet neutral states should be �
X4 < 4A� < 4B
� ← 5A,
� 4𝐵�
38285, 38398, 38202, and 38185 cm-1 systems are attributed to the 4�
X ← 5�
X, 4A

�, and 4C� ← 5C� transitions, where the energies of the quintet neutral states are in the
← 5B
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� < 5B
� < 5C� .
order of 5�
X < 5A

These assignments are listed in Tables 5.6 and 5.7.

However, the identification of the electronic symmetry with specific electron
configurations is not straightforward because of the existence of multiple states for a
given symmetry.

Pr(COT) has 13 quartet neutral states including 34A2, 4B1, 4B2, 34E1,

24E2 and 34E3; Nd(COT) has 22 quintet states with 5A1, 45A2, 25B1, 25B2, 45E1, 55E2, and
45E3. The existence of the multiple states in a given symmetry leads to configuration
mixing among these states. For example, we find from the SA-CASSCF calculations of
Pr(COT) that a 4A2 state consists of 73% e122a11 and 26 % e222a11 and a 4E1 state consists
of 62% e11e212a11 and 32% 1a11e112a11. Similar configuration mixing is also noted for the
quintet states of Nd(COT).

The multiple states of a given symmetry is due to the

presence of multiple 4f electrons in the Pr and Nd complexes (i.e., 4f26s1 for Pr(COT)
and 4f36s1 for Nd(COT)). This is different from Ce(COT), which has only one 4f
electron. Because of the configuration interactions, electronic states predicted by singlereference methods (i.e., MP2 and DFT) may not be reliable. Moreover, full geometry
optimizations and frequency calculations with the CASSCF method for such a large
number of states are beyond the present work.

Although the presence of the 4f electrons greatly increases electronic complexity,
the 4f electrons seem to have a very small effect on the molecular geometries and
vibrational frequencies. This is shown by the similar structures and frequencies of
Ln(COT) (Ln = La, Ce, Pr, Nd)134 and those in table 5.5. From the table, the predicted
geometries and frequencies are very similar for the electronic states of the same spins,
regardless which 4f orbital is occupied. To explore further the effect of the 4f electrons,
we carried out MP2 geometry optimizations and frequency calculations by putting the Pr
4f2 and Nd 4f3 electrons in the core potentials (i.e., using ECP48MWB basis for Pr and
ECP49MWB for Nd). By freezing the 4f electrons, electron configuration interactions
are removed and the two complexes can be treated with the less expensive singlereference based methods.

The simulations from such calculations are presented in

Figures 5.5(b) and 5.6(b). It can be seen from the figures that the simulations are in very
good agreement with the experimental spectra.
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5.4 Conclusions
In this work, we have obtained first high-resolution electron spectra of Ln(COT)
(Ln = Ce, Pr, Nd and Gd) using pulsed-field ionization ZEKE spectroscopy and
determined the metal-ligand bonding and electronic states of these systems by combining
the experimental measurements with MP2 calculations. Compared to the single transition
in Gd(COT) ZEKE spectrum, the spectra of Ce, Pr, and Nd(COT) complexes displays
multiple band systems from ionization of several neutral states. The spectrum of
Gd(COT) is assigned to the 8A2 ← 9A2 transition. On the other hand, the spectrum of
Ce(COT) is attributed to the 2A1 ← 3A1, 2E1 ← 3E1, and 2E3 ← 3E3 transitions, whereas
the spectra of Pr(COT) and Nd(COT) are assigned to three triplet
← quartet and four
quartet ← quintet transitions, respectively. The exis tence of the multiple low-energy
electronic states in these lanthanide complexes arises from the small Ln 4f orbital
splitting in the field of the organic molecule. The number of the low-energy states
increases greatly with increasing number of the 4f electrons in the lanthanide atoms. The
presence of more than one 4f electron in Pr(COT) and Nd(COT) results in multiple
electronic states in a given symmetry and thus configuration interactions among these
states. On the other hand, the 4f electrons have a small effect on the geometries and
vibrational frequencies.
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Table 5.1 Molecular point groups (PG), electronic states and energies (Erel, cm-1), metalcarbon bond distances (RGd-L, Å), transition energies ( ΔE0, cm-1, including vibrational
zero point correction) of Gd(COT) and Gd(COT)+ from MP2 calculations. Reprinted with
permission from J. Phys. Chem. A 2011, 116, 839. Copyright 2012 American Chemical
Society.
Complex

PG

State

Erel

RGd-L

transition

ΔE0

0

2.508

8

A2←9A2

40122

27078

2.712/2.683

10

B2←9A2

67567

B2←11B2

40489

Gd(COT)
C8v

9

C4v

11

A2
B2

Gd(COT)+

10

C8v

8

C4v

10

A2
B2

40122

2.465

67567

2.623/2.576

.
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Table 5.2 C-C bond distances (Å) in the ground states of COT, COT-, COT2-, Gd(COT),
and Gd(COT)+ from MP2 calculations. Reprinted with permission from J. Phys. Chem. A
2011, 116, 839. Copyright 2012 American Chemical Society.
Species

C-C

COT

1.469, 1.345

COT-

1.440, 1.380

COT2-

1.418

Gd(COT)

1.418

Gd(COT)+ 1.418
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Table 5.3 AIEs (cm-1), Gd-COT stretching frequencies (cm-1), and dissociation energies
(D0, D0+, cm-1) of Gd(COT) from ZEKE spectroscopy and MP2 calculations. Reprinted
with permission from J. Phys. Chem. A 2011, 116, 839. Copyright 2012 American
Chemical Society.
ZEKEa

MP2

AIE

40385

40122

Gd-COT stretch (υ8)

245

244

Gd+-COT stretch (υ+8)

269

274

Gd(COT) 8A2←9A2

D0b

41660

D0+c

50149

a

Uncertainty in AIEs from ZEKE measurements is less than 5 cm-1. b For Gd(COT) (9A2)
→ COT (1A) + Gd (9D02). c For Gd(COT)+ (8A2) → COT (1A) + Gd (11D05/2)
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Table 5.4 ZEKE band positions (cm-1) and assignments of Ce(COT). 4mn represents
vibronic transitions between the n and m levels of the Ce-COT stretching mode in the
neutral and ion states. Reprinted with permission from J. Chem. Phys. 2013, 138, 164307.
Copyright 2013 AIP publishing LLC.
2

Band
36517

E1←3E1
Assignment
410

2

Band
36393

A1←3A1
Assignment
402

2

Band
37684

E3←3E3
Assignment
000

36537

412

36649

410

37960

410

36773

000

36671

412

38236

402

36793

411

36905

000

38512

430

36812

422

36925

411

38790

404

37049
37069
37325
37345
37362
37601
37877

410

37181
37199
37457
37477
37737
38009

410

412
402
413
442
430

412
402
413
430
404

404
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Table 5.5 Electronic states, Ce-based valence electron configurations, relative electronic
energies (Ee, cm-1), electronic energies with vibrational zero-point energy corrections (E0,
cm-1), Ce-C bond lengths (RCe-C, Å), and Ce-COT stretching frequencies (νs, cm-1) of the
Ce(COT) (C8v) complex from CCSD(T)//MP2 calculations. Reprinted with permission
from J. Chem. Phys. 2013, 138, 164307. Copyright 2013 AIP publishing LLC.
State

Configuration

Ee

E0

RCe-Ca

νs (Ce-COT)

4f06s (↑↑)

0

0

2.599

260

Ce(COT)
3

A1

3

E1

4f±16s (↑↑)

260

236

2.599

258

3

E2

4f±26s (↑↑)

897

863

2.604

256

3

E3

4f±36s (↑↑)

410

372

2.598

262

A1

4f06s (↑↓)

577

588

2.604

257

1

1

E1

4f±16s (↑↓)

740

731

2.602

257

1

E2

4f±26s (↑↓)

1005

973

2.603

258

1

E3

4f±36s (↑↓)

680

642

2.600

255

4f0 (↑)

36176

36375

2.561

281

[Ce(COT)]+
2

A1

2

E1

4f±1 (↑)

36395

36591

2.556

281

2

E2

4f±2 (↑)

37132

37292

2.562

281

2

E3

4f±3 (↑)

37596

37753

2.556

278

a

In these states, C-C bond lengths are 1.420±0.001 Å and C-H bond lengths 1.088
±0.001 Å
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Table 5.6 ZEKE band positions (cm-1) and assignments of Pr(COT). 4mn represents
vibronic transitions between the n and m levels of the Pr-COT stretching modes in the
neutral and ion states. Reprinted with permission from J. Chem. Phys. 2013, 138, 164307.
Copyright 2013 AIP publishing LLC.

Band
37331
37585
37605
37859
38132
38405
38679

3�

�
A←4A
Assignment
0
1

4

000
411
410
402

Band
37749
37770
38023
38042
38297

3�

�
B←4B
Assignment
0

0
0

411
410
412
402

430
404

116

Band
37331
37585
37839
37859
38113
38132
38387
38407
38661

3�

�
X←4X
Assignment
402
410
000
411
410
412
402
413
430

Table 5.7 ZEKE band positions (cm-1) and assignments of Nd(COT). 4mn represents
vibronic transitions between the n and m levels of the Nd-COT stretching modes in the
neutral and ion. Reprinted with permission from J. Chem. Phys. 2013, 138, 164307.
Copyright 2013 AIP publishing LLC.
4�

4�
�
C←5C�
B←5B
Peak
Assignment Peak
Assignment
0
37925 41
37942 410
38185 000
38202 000
38456 410
38474 410
38744 402

Peak
38035
38285
38557
38580
38829
39103
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4�

4�
�
�
X←5X
A←5A
Assignment Peak
Assignment
0
38398 000
41
38411 411
000
38670 410
410
38683 412
412
38942 402
402

430

Table 5.8 Electron configurationsa and electronic states of Pr(COT) (4f26s1) and Nd
(COT) (4f36s1) in C8v point group. Reprinted with permission from J. Chem. Phys. 2013,
138, 164307. Copyright 2013 AIP publishing LLC.
Pr(COT)

Nd(COT)

Nd(COT)

Configuration State

Configuration State

Configuration State

1a122a11

1a12e112a11

1,3

E1

e12e31 2a11

1,3

2

A1

E1,1E3(3)
3
E3(4) 5E3

1a11e11 2a11

2

E1 (2),
4
E1

1a12e212a11

1,3

E2

e22e11 2a11

1

1a11e21 2a11

2

E2 (2),
4
E2

1a12e312a11

1,3

E3

e22e31 2a11

1

1a11e31 2a11

2

1a11e122a11

1,3

A1, 1,5A2,
3
A2(2) 1,3E2

e32e11 2a11

1

e12 2a11

2

A1, 2,4A2, 1a11e222a11
2
E2

1,3

A1, 1,5A2,
3
A2(2) 1,3B1,
1,3
B2

e32e21 2a11

1,3

e22 2a11

2

A1, 2,4A2, 1a11e322a11
2
B1, 2B2

1,3

A1, 1,5A2,
3
A2(2) 1,3E2

e11e21 e31 2a11

1

A1(2), 3A1(3),
5
A1, 1A2(2),
3
A2(3), 5A2,
1
B1(2), 3B1(3),
5
B1, 1B2(2),
3
B2(3), 5B2,
1
E2(4), 3E2(6),
5
E2(2)

e32 2a11

2

A1, 2,4A2, 1a11e11e21 2a11
2
E2

1

E1(2),3E1(3),
5
E1 1E3(2),
3
E3(3), 5E3

e13 2a11

1,3

E1

e11e21 2a11

2

E1(2),
4
E1,
2
E3(2),
4
E3

1a11e21e31 2a11

1

E1(2),3E1(3),
5
E1 1E3(2),
3
E3(3), 5E3

e23 2a11

1,3

E2

e11e31 2a11

2

1a11e11e31 2a11

1

e33 2a11

1,3

E3

E3 (2),
4
E3

B1(2),

B1(2), 3B1(3),
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E1(2) 3E1(3),
5
E1, 1,3E3(2)
E3(2) 3E3(3),
5
E3, 1,3E1(2)
E1(3), 3E1(4),
5
E1, 1,3E3
A1, 1,3A2,
1,3
B1, 1,3B2,
1
E2(2), 3E2(3),
5
E2,

4

5

B1, 1B2(2),
3
B2(3), 5B2
1
E2(2), 3E2(3),
5
E2

B1,
2
B2(2),
4
B2,
2
E2(2),
4
E2
e21e31 2a11

a

2

E1(2),
4
E1,
2
E3(2),
4
E3

e12e21 2a11

1,3

A1, 1,3A2,
1,3
B1, 1,3B2,
1
E2(2), 3E2(3),
5
E2

1a1→4f0, 2a1 → 6s, e1 → f±1, e2 → f±2, and e3 → f±3 in C8v point group
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(d) 40350 (100)

(c) 38200 (200)

(b) 37700 (200)

(a) 36750 (150)

37000

38000

39000

40000

Wavenumber (cm-1)
Figure 5.1PIE spectra of M(COT) [M = Ce (a), Pr (b), Nd (c), and Gd (d)] seeded in He
carrier. The ionization threshold of each complex is located by the intersecting point of
two lines as pointed by the arrows.
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245

0-0

269
24

(a) Experiment
*

*

(b) 8A2 ← 9A2

40500

41000

41500

Wavenumber (cm-1)
Figure 5.2 Experimental ZEKE spectrum of Gd(COT) seeded in He
(a) and simulation of the 8A2 ← 9A2 transition at 300 K. Reprinted
with permission from J. Phys. Chem. A 2012, 116, 839. Copyright
2013 American Chemical Society.
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C6H6
e2

M(C6H6)(C6v)

M

M(C8H8)(C8v)

C8H8

π4, π5
2e1

2e2

d xz , yz

2e1
2a1
2a1

d z2

1e2

5d26s

d xy , x2 − y 2

e2
Energ

π4, π5
1e2

e1
π2, π3

1e1

1e1

1a1

1a1

a1
π1

4f7

4f7

(a)

e1
π2, π3
a1
π1

4f7
(b)

Figure 5.3 Orbital interaction diagram for Gd with benzene (a) and cyclooctatetraene.
Reprinted with permission from J. Phys. Chem. A 2011, 116, 839. Copyright 2012
American Chemical Society.
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0-0 (36773); 2E1←3E1
~20
276
256
0-0 (36905); 2A1←3A1
276
256

0-0 (37684); 2E3←3E3
276
(a) Expt, He

(b) = (c)+(d)+(e)

(c) 2E1←3E1

(d) 2A1←3A1

(e) 2E3←3E3

36800

37600

38400
-1

Wavenumber (cm )
Figure 5.4 Experimental ZEKE spectrum of Ce(COT) seeded in He (a), the
sum of the simulations (b), and simulations (300 K) of the 2E1←3E1 (c),
2
A1←3A1 (d), and 2E3←3E3 (e) transitions. Reprinted with permission from J.
Chem. Phys. 2013, 138, 164307. Copyright 2013 AIP publishing LLC.
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254
254

0-0 (37839); 3�
X←4�
X
20
�←4A
�
0-0 (37585);3A
3�

4�

0-0 (37749); B← B

*

274
274

274

(a) Expt, He
*

* *

(b) Simulation

37500

38000

38500

Wavenumber (cm-1)
Figure 5.5 Experimental ZEKE spectrum of Pr(COT) seeded in He (a) and simulations
�←4A
� (green), and 3B
�←4B
� (blue) transitions. The sharp peaks
(300 K) of 3�
X←4�
X (red), 3A
marked by asterisks are from atomic transitions. Reprinted with permission from J. Chem.
Phys. 2013, 138, 164307. Copyright 2013 AIP publishing LLC.
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250

260

260

0-0 (38285); 4�
X←5�
X
~12
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Figure 5.6 Experimental ZEKE spectrum of Nd(COT) seeded in He (a) and simulations
�←5A
� (pink), 4B
�←5B
� (blue), and 4C� ←5C� (green) transitions.
(300 K) (b) of 4�
X←5�
X (red), 4A
The sharp peaks marked by asterisks are from atomic transitions. Reprinted with
permission from J. Chem. Phys. 2013, 138, 164307. Copyright 2013 AIP publishing
LLC.
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CHAPTER 6: ELECTRON SPIN MULTIPLICITIES AND MOLECULAR
STRUCTURES OF METAL BENZENE COMPLEXES: M(C6H6) (M = Gd and Lu)
Parts of this chapter are taken from “Electron spin multiplicities and molecular structures
of neutral and ionic lanthanide Gd-L (L=benzene and cyclo-octatetraene) complexes
using ZEKE spectroscopy” J. Phys. Chem. A 2011, 116, 839 and “Electronic states and
pseudo Jahn-Teller distortion of heavy metal-monobenzene complexes: M(C6H6) (M = Y,
La, and Lu)” J. Chem. Phys. 2012, 136, 134310.
6.1 Introduction

Compared to the chemistry of d-block transition metals, that of lanthanide- (Ln-)
arene compounds is much younger. The first zero-oxidation-state Ln-arene sandwich
complex [Gd(1,3,5-tri-t-butylbenzene)2] was reported in 1987,197 which opened a new
area of fascinating chemistry for the Ln metals.194-196,198,201,244,245 Ln-arene complexes are
fascinating because they exhibit high reactivity toward other inorganic, organic, and
organometallic compounds; they are active homogeneous catalysts in hydrogenation and
polymerization reactions; and they are potentially storable sources of “naked” metal
atoms and valuable precursors for general exploration of low-valent metal
chemistry.196,198 Moreover, these systems are interesting because the complexity of their
electronic structures presents many challenges for spectroscopy and theory. These
challenges arise from the relativistic effects and possible 4f
→ 5d or 6s → 5d elec

tron

promotion of these heavy metals in the formation of organometallic complexes. Also,
there is a common assumption that the Ln 4f orbitals are generally not involved in the
chemistry and bonding of the Ln elements. The assumption is based on the understanding
that the size contraction of the 4f orbitals is more significant than that of the 5d and 6s
orbitals and that molecular geometries are similar from the calculations with all electron
and effective core potentials (with frozen 4f orbitals) basis sets.246,247 In contrast, several
studies reported that the 4f orbitals could be significantly involved in the metal-ligand
bonding if they are close in energy to the interacting ligand orbitals.248,249 In addition,
interactions between metal atoms and aromatic molecules play critical roles in C–C and
C–H bond activation248-252 and aromatic hydrogenation.253-255 To probe these fundamental
interactions, metal-benzene complexes have attracted considerable interests in recent
years. From a theoretical viewpoint, the determination of the ground electronic states of
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the monobenzene complexes is still not a trivial task. For example, theoretical
calculations predicted quartet/doublet states to be the ground states for Sc(C6H6),119,256-259
triplet/quintet

states

262,263,267

V(C6H6),

for

Ti(C6H6),105,118,260-266

doublet/quartet/sextet
+ 268-271

and triplet/quintet states for [V(C6H6)] ,

sates

for

The predicted spin

multiplicities were sensitive to both electronic structure methods and basis sets. Another
issue about the metal monobenzene complexes is the degree of the perturbation of the
benzene ring upon metal coordination. For early transition metals, it has been reported
that the benzene ring in the ground states of M(C6H6) remains planar with M = Sc, V, Nb,
and Hf, and is bent with M = Ti, Zr, and Hf.263,272 Moreover, the benzene ring in the
ground states of the [M(C6H6)]+ has been reported to be flat with M+ = Ti+ and Cr+, but
bent with M+ = V+.273 Pulsed-field ionization zero electron kinetic energy (ZEKE)
spectroscopy combined with theoretical calculations has been shown to be effective in
determining the ground electronic states and possible ring deformation in the transition
metal complexes of benzene and other aromatic molecules.274 Previously, we reported the
ground electronic states and molecular conformations a series of transition metalmonobenzene complexes and their ions.148,154,275 For Sc(C6H6), a quartet state was
determined for the neutral species and a triplet state for the singly charged cation.154 For
M[C6(CH3)6], preferred neutral states were quintet, sextet, and quartet, and favored ion
states were quartet, quintet, and triplet for M = Ti, V, and Co, respectively.275 In these
high spin electronic states, the benzene ring remained nearly planar. On the other hand,
the benzene ring was severely bent in the low-spin doublet and singlet states of
Sc/Sc+(C6H5X) (X = F, CH3, and OH) and Sc/Sc+[C6Hn(CH3)6-n].148,154
The previous studies indicate that the electron spin preference of the metalaromatic complexes and the degree of the perturbation of the carbon skeleton by metal
coordination depend on the identity and charge of metal atoms as well as hydrogen
substitutions. The change of electron spin states may affect the chemical reactivity of a
particular metal complex. The deformation of aromatic rings by metal coordination may
be significant for metal-mediated chemical reactions, as it modifies the π electron
distribution and weakens some of the C–C bonds in the ring, making their cleavage more
feasible. In this chapter, we report the electronic states and molecular conformations of
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the M(C6H6) and M(C6H6)+ (M = Gd and Lu) complexes. The electronic states and
molecular structures of these systems are determined by combining ZEKE spectroscopy
and ab-initio calculations.
6.2 Experimental and computational methods

The ZEKE spectrometer used in this work has been discussed in Chapter 2. The
metal benzene complexes were prepared by the reactions of metal atoms with the vapor
of benzene in a laser vaporization cluster beam source. The metal atoms were produced
by pulsed laser vaporization of a metal rod (Gd, 99.9%; Lu, 99.9%, Alfa Aesar) with the
second harmonic output of a pulsed Nd:YAG laser (Continuum Minilite II, 532 nm) in
the presence of a carrier gas or a gas mixture (He/Ar, UHP, Scott-Gross). These gases
were delivered by a piezoelectric pulsed valve with a backing pressure of 40-80 psi.132
The metal rod was translated and rotated by a motor-driven mechanism to ensure that
each laser pulse ablated a fresh metal surface. Benzene (≥99%, Aldrich) vapor was
introduced at room temperature to a small collision chamber downstream of the ablation
through a stainless-steel capillary, where it interacted with the metal atoms entrained in
the carrier gas to form the metal-benzene complexes. The complexes were expanded into
the vacuum through a nozzle to form molecular beams, which were collimated by a coneshaped skimmer (4 mm inner diameter). The collimated molecular beams then passed
through a pair of charged deflection plates (+500 V) to remove residual ionic species that
might have been formed by laser vaporization. Prior to ZEKE measurements, the
production of the metal complexes was maximized by optimizing the timing and power
of the vaporization and ionization lasers, the backing pressure of the carrier gas, and the
amount of the benzene vapor. The neutral metal complexes in the molecular beams were
ionized by a frequency-doubled dye laser (Lumonics, HD-500) pumped by the thirdharmonic output of a second pulsed Nd:YAG laser (Continuum Surelite II, 355 nm) and
identified by photoionization time-of-flight mass spectrometry. Ionization thresholds of
the complexes were located with photoionization efficiency spectroscopy which records
the mass-selected ion signal as a function of the ionization laser wavelength. The ZEKE
electrons were produced at the optimized conditions by photoexcitation of the neutral
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complexes to highly excited Rydberg states, followed by pulsed-electric field (3 μs in
time delay, 1.2 Vcm−1 in field strength, and 100 ns in pulse width) ionization of these
Rydberg states. A small dc field (0.06 Vcm−1) was applied to discriminate the ZEKE
electrons from the kinetic electrons produced by direct photoionization. A delay pulse
generator (Stanford Research Systems, DG535) was used to generate the electric pulses
for field ionization. The ion and electron signals were detected by a dual microchannel
plate detector (Galileo), amplified by a preamplifier (Stanford Research Systems,
SR445), averaged by a gated integrator (Stanford Research Systems, SR250), and stored
in a laboratory computer. Laser wavelengths were calibrated against vanadium or
titanium atomic transitions.

Molecular geometries and vibrational frequencies of the neutral and ionic
complexes were calculated at the level of the unrestricted second-order Møller-Plesset
(MP2) perturbation theory.234 Single-point energies at the MP2 geometries were
calculated by the unrestricted coupled cluster method with single, double, and
perturbative triple excitation (CCSD(T)) method.235 In these calculations, the Stuttgarttype relativistic effective core potential basis sets including 28 core electrons were used
for Gd and Lu metal atoms. The calculations were performed using GAUSSIAN 09/03
quantum chemistry package. Multidimensional Franck–Condon (FC) factors were
calculated from the equilibrium geometries, harmonic vibrational frequencies, and
normal coordinates of the neutral and ionized complexes.135 The Duschinsky effect60 was
considered to account for normal mode differences between the neutral and ionic
complexes in the FC calculations. A Lorentzian line shape with the experimental
linewidth was used to simulate spectral broadening. Transitions from excited vibrational
levels of the neutral complexes were simulated by assuming thermal excitations at
specific temperatures.

6.3. Results and discussion

6.3.1

PIE spectra of Ln(C6H6) complexes (Ln = Gd and Lu)
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Figure 6.1 displays the PIE spectra of Ln(C6H6) complexes seeded in He carrier gas.
Each spectrum exhibits slowly rising signal steps, followed by a sharp and strong onset.
The slowly rising signal originates from ionization of thermally excited vibrational levels
of the neutral complexes, and the sharp onset corresponds to the molecular first ionization
threshold. The ionization thresholds for Gd(C6H6) and Lu(C6H6) were measured from
these spectra as 40790 (100) and 44500 (100) cm-1, respectively. These values were
obtained by locating a point at which a line drawn through the sharp onset intersects with
a line drawn through the baseline and corrected by +110 cm-1, the energy shift induced by
the dc extraction field of 320 V/cm applied in the ionization region. The ionization
thresholds from the PIE measurements were used to simplify the search for and correlate
with the ZEKE signal.

6.3.2

Gd(C6H6) ZEKE spectrum and predicted electronic states

Figure 6.2 presents the ZEKE spectrum of Gd(C6H6) seeded in He carrier gas.
The spectrum shows the origin band (0-0) at 40830 (5) cm-1 or 5.0623(6) eV and a major
progression with 296 cm-1 intervals. Superimposed on the higher-energy side of each
member of the progression are two satellite peaks separated by 40 and 54 cm-1 from the
main band. In addition, the spectrum exhibits two weak transitions separated by 256 cm-1
intervals at the lower-energy side of the origin band and a very sharp transition (41364
cm-1) marked by an asterisk at the higher-energy side of the origin band. The energy of
the origin band corresponds to that of the sharp signal onset of the PIE spectrum (Figure
6.1) but with a much smaller uncertainty and is the adiabatic ionization energy (AIE) of
the complex. The asterisked peak is much narrower than the others and is due to an
atomic transition induced by a two-photon process. The ZEKE spectrum of Gd(C6H6) is
similar to that of Sc(C6H6), which displays a major progression of 375 cm-1 and a hot
band of 324 cm-1 below the origin band. Because the 375/324 cm-1 transitions were
assigned to the Sc-C6H6 stretching excitations in the ionized and neutral complexes, the
296/256 cm-1 transitions can be assigned to the corresponding Gd-C6H6 stretching
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excitations in the ionic and neutral molecules as well. Because a Gd atom is heavier than
a Sc atom, the Gd-C6H6 stretching frequencies should be smaller, assuming that the
stretching force constants are the same for the two complexes. By using the Sc-C6H6
stretching frequencies and the simple formula ν(Gd-C6H6)/ ν(Sc-C6H6) = [μ(ScC6H6)/μ(Gd-C6H6)]1/2 (where ν and μ are stretching frequencies and reduced masses,
respectively), the Gd-C6H6 stretching frequencies in the ionic and neutral complexes are
estimated as 277 and 240 cm-1, respectively. These estimates are somewhat smaller than
the measured intervals of 296 and 256 cm-1. This might not be surprising because the
estimation considers only the mass effect. With the assignment of the 296/256 cm-1
intervals to the Gd+/Gd-C6H6 stretching modes, the satellite peaks with 40 cm-1
separation from the main progression can easily be attributed to the sequence transitions
involving the ion and neutral stretching vibrations and the 40 cm-1 separation is the
frequency difference between the ion and neutral modes. The satellite peaks of 54 cm-1
might also be sequence transitions but might involve more than one vibrational mode.
These satellite peaks will be discussed in combination with theoretical calculations. It
should be pointed out that the ZEKE spectrum consists of contributions from all Gd
isotopes because the ionization energies and metal-ligand vibrational frequencies of these
isotopic complexes are close to each other and could not be resolved.

To determine the electronic transitions contributing to the observed spectra, we
searched for low-lying electronic states of the neutral and ionized complexes using
MP2/SDD calculations. Table 6.1 lists the molecular point groups, Gd-C distances,
electronic states, relative energies, and transition energies of possible ionization
processes. Searches with lower molecular symmetry were also carried out, but the initial
low-symmetry structures were converged to C6v or C2v for Gd(C6H6) depending upon
spin multiplicity. Because Gd and Gd+ are in the ground electron configurations of
[Xe]4f75d6s2 (9D02) and [Xe]4f75d6s (10D05/2), we considered the electron spin
multiplicities of 11 and 10 for the neutral and ion complexes in our computational search.
The ground state of Gd(C6H6) is predicted to be

11

A2 in C6v. The metal-based valence

electron configuration in the ground state is [4f75d26s], with all electrons in the same
orientation. Compared to the ground electron configuration of the Gd atom [4f75d6s2], a
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6s electron is transferred into a 5d orbital, whereas the 4f electrons remain unperturbed
upon benzene coordination. In Chapter 5, Figure 5.3 presents a qualitative orbital
interaction diagram between Gd and C6H6 describing the formation of the C6v Gd(C6H6)
complex. Under the C6v point group, the 5d orbitals of Gd are split into dxy and dx2-y2 (e2),
dxz and dyz (e1), and dz2 (a1). The dxy and dx2-y2 orbitals are stabilized by the bonding
interaction with the empty benzene π4 and π5 orbitals, and the dxz and dyz orbitals are
destabilized by the antibonding interaction with the occupied benzene π2 and π3 orbitals.
The dz2 orbital is also destabilized by the antibonding interaction with the ligand π1
orbital; however, the dz2-π interaction should be weaker than the other d-π interactions
because of the spatial mismatch (i.e., the dz2 orbital goes through the central empty space
of the benzene ring). Moreover, the dz2 orbital can mix with the 6s/pz orbital from the
symmetry and energetic considerations, and such orbital mixing forms three metal-based
a1 molecular orbitals (two of which are not shown in Figure 5.3). The highest occupied
2a1 orbital consists of largely 6s character mixed with 5dz2 character. Our calculations
also indicate that Gd 4f orbitals are completely localized and not involved in the
interactions with the ligand π orbitals. This might not be surprising because the 4f orbitals
are much lower in energy than the Gd 5d/6s orbitals and the benzene π orbitals. The next
low-energy state is 9A2, with a metal-based valence electron configuration of [4f75d3]. In
this configuration, all three d electrons are located in the lower-energy dxy and dx2-y2 (1e2)
molecular orbitals. It might seem to be strange at the first glance that the 9A2 state is
predicted to be higher in energy than the

11

A2 state, because the lower-spin state has all

three outermost valence electrons in the lower-energy 1e2 (dxy and dx2-y2) orbital and the
higher spin state has one of the electrons in the higher-energy 2a1 (sdz2) orbital. However,
forcing the three electrons into the degenerate 1e2 orbital increases the electron repulsion.
In this case, Coulomb repulsion energy is apparently higher than the energy difference
between the 2a1 and 1e2 orbitals. The removal of the 2a1 electron from the
state of Gd(C6H6) yields the

10

11

A2 ground

+

A2 state of the [Gd(C6H6)] cation, also in C6v geometry.

Because 2a1 is a metal-based, weak bonding orbital, ionization of this orbital causes a
relative small change in the molecular geometry. On the other hand, if an electron is to be
removed from the stronger bonding 1e2 orbital of the 9A2 state, ionization energy is
expected to be higher and the structural relaxation is expected to be more significant.
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Indeed, a 8B1 ion state is predicted at 23000 cm-1 above the

10

A2 state, with a lower

geometric symmetry (C2v).
To identify the electronic states probed by the ZEKE spectra, we compare the
theoretical predictions with the experimental measurements. The comparison included the
relative electronic energies, AIEs, vibrational frequencies, and spectral intensities. To
check the quality of the AIE predictions for these systems, we calculated the IE of the Gd
atom as well. The predicted IE for the ionization process of Gd+ (10D5/20, 4f75d6s) ← Gd
(9D20, 4f75d6s2) is 48610 cm-1, in reasonable agreement with the measured value of
49601 cm-1.183 Among the three possible ionization processes (10A2 ← 11A2, 10A2 ← 9A2,
and 8B2 ← 9A2) predicted by theory (see Table 6.1), the

10

A2 ←

11

A2 transition is most

likely the one probed by the experiment. This is because (a) the 11A2 state is the ground
state of the neutral complex, with the next state (9A2) at a significantly higher energy
(3814 cm-1), (b) the AIE (40234 cm-1) of the

10

A2 ←

11

A2 transition has the best match

with the measured value (40830 cm-1), and (c) the spectral simulation of the 10A2 ← 11A2
transition is consistent with the measured spectrum in both spectral profile and
vibrational intervals (Figure 6.2). The other two transitions (10A2 ← 9A2 and 10B2 ← 9A2),
on the other hand, are unlikely contributors to the observed spectrum. First, the 9A2 state
is more than 3000 cm-1 higher in energy than the ground state and thus expected to be
quenched by supersonic expansion (if it was produced by laser vaporization). Second, the
AIEs of the two transitions are either too high (59459 cm-1) or too low (36420 cm-1),
compared to the measure value (40830 cm-1). Third, the intensity profile of the 8B2 ← 9A2
transition is much longer and that of

10

A2 ← 9A2 is shorter than the measured spectrum

(not shown). In addition, the vibrational intervals from the 8B2 ← 9A2 transition are
smaller than the observed ones. On the basis of the excellent agreement between the
simulation of the
cm

-1

10

A2 ←

11

A2 transition, the vibrational assignment is trivial. The 296

progression is assigned to the excitations from the vibronic ground state of the

neutral complex to the excited vibrational levels of the Gd+-C6H6 stretching mode (ν4+) in
the

10

A2 ion state. The 256 cm-1 intervals are due to the transitions from the first and

second excited Gd-C6H6 stretching levels (ν4) of the

11

A2 neutral state to the vibronic

ground state of the 10A2 ion. The satellite peaks with the separation of 40 cm-1 are due to
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the sequence transitions between the metal-ligand stretching excitations (ν4/ν4+) of the
neutral and ion states. These assignments are consistent with those discussed in previous
part, where the spectrum is assigned by comparing with the spectrum of Sc(C6H6).131 The
satellite peaks with separations of 54 cm-1 are due to the sequence transitions between the
benzene ring rocking excitations (ν16/ν16+) combined with the excitation of the Gd+-C6H6
stretching mode. Vibrational frequencies obtained from these assignments are
summarized in Table 6.2.

6.3.3

Lu(C6H6) ZEKE spectrum and predicted electronic states
Compared to the spectra of group III metal-benzene complexes131,142 and

Gd(C6H6) complex, the Lu(C6H6) (Figure 6.3) exhibits a weaker origin band and a higher
AIE (44446 (5)) cm-1, which is also higher than that of the Lu atom (43763 cm-1).183 The
weak origin band suggests a relatively large structural change from the neutral state to the
ion state. The AIE increase from the metal atom to the complex indicates a decrease of
the Lu–C6H6 bond dissociation energy from the neutral complex to the ion. These
observations suggest that the metal benzene bonding is different between Lu and Gd (and
group III) metal atoms. It exhibits a major progression with 270 cm−1 intervals on the
higher energy side of the origin band and a progression of 207 cm−1 on its lower energy
side. These two progressions can easily be assigned to the excitations of the Lu+/Lu-C6H6
stretching modes and yield the stretching frequencies of 270 and 207 cm−1 in the ionic
and neutral complexes, respectively.
Because the Lu atom has three outermost valence electrons (4f145d16s2) in the
ground electron configuration, we calculated the spin multiplicities of 4 and 2 for the
neutral complexes. Although they are normally considered valence electrons, the 4f14
orbitals of Lu have much lower energies than the 5d16s2 orbitals and are expected to
remain completely filled in the complex. Similarly, benzene is singlet in the ground state,
and its valence π electrons do not contribute to the overall spin multiplicity because these
π orbitals are significantly lower in energy than the metal nd or (n + 1)s orbitals.
Extensive search for energy minima shows that the lowest energy quartet state is 4A2 in
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C6v symmetry, and the lowest energy doublet state is 2A1 in C2v symmetry. For the 4A2
(C6v) state, the electron configuration is (dxy,x2-y2)2s1 with three electrons in the same spin,
where x and y axes are on the benzene plane and z axis is collinear with the six fold
principle axis. In this configuration, the dxy and dx2-y2 orbitals are degenerate with e2
symmetry and stabilized by the electron back donation to the e2 empty π orbitals of
benzene.274 For the 2A1 (C2v) state, the electron configuration is (dx2-y2)2s1 with two paired
dx2-y2 electrons. In both 4A2 (C6v) and 2A1 (C2v) states, the highest occupied molecular
orbital is largely a metal-s character (labeled s1 in their electron configurations). From C6v
to C2v, the doubly degenerate dxy,x2-z2 (e2) orbital is split into non-degenerate dxy (a2) and
dx2-y2 (a1) orbitals, and the dx2-y2 orbital is stabilized more compared to the dxy orbital
because of the preferential interaction between the dx2-y2 and an empty benzene π orbital.
Because of the uneven metal-benzene interaction of the dxy and dx2-y2 orbitals, the
molecular structure of the 2A1 (C2v) state has unequal M–C and C–C distances and a nonplanar benzene ring, as shown in Table 6.3 and Figure 6.4.
Ionization of the 4A2 (C6v) neutral state is expected to yield 3E2 (C6v) and 3A2 (C6v)
ion states by removing the metal-based s electron from the highest occupied molecular
orbital of the neutral state. The removal of the s electron from the [(dxy,x2-y2)2s1]
configuration of the 4A2 (C6v) state produces the ion electron configuration of [(dxy,x2-y2)2]
[i.e., (e2)2], and the direct product of e2 × e2 gives symmetry species of a1, a2, and e2.
Because the two electrons are in the same spin orientation, the spatial orbital must be
antisymmetric as required by the Pauli exclusion principle. Therefore, only the 3E2 (C6v)
and 3A2 (C6v) ion states are possible. However, the 3E2 (C6v) state may be unstable due to
a JT effect and split into two non-degenerate states, 3A1 and 3A2, in a lower molecular
symmetry (C2v). Similarly, ionization of the 2A1 (C2v) neutral state is expected to yield a
1

A1 (C2v) ion state with an electron configuration of (dx2-y2)2, by removing the metal-

based s electron from the neutral [(dx2-y2)2s1] electron configuration. Therefore, there are
three possible low-energy ion states, 3A2 (C6v), 3A1 (C2v), and 1A1 (C2v), from ionization
of the 4A2 (C6v) and 2A1 (C2v) states. All three ion states are located in our MP2
calculations, and among them the 1A1 (C2v) state is predicted to have the lowest energy
(Table 6.3).
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To identify the electronic states probed by ZEKE spectroscopy, we will compare
the experimental measurements with the theoretical calculations. The comparison
includes the electronic energies, AIEs, vibrational frequencies, and spectral intensities.
From the theoretical calculations, there are two minimum-energy neutral states 2A1 (C2v)
and 4A2 (C6v) and three ion states 1A1 (C2v), 3A1 (C2v), and 3A2 (C2v) for each complex.
Thus, there are five possible ionization processes: 1A1(C2v) ← 2A1(C2v), 3A1(C2v) ←
2

A1(C2v), 3A2(C6v) ← 2A1(C2v), 3A1(C2v) ← 4A2(C6v), and 3A2(C6v) ← 4A2(C6v). Among

the five processes, 1A1(C2v) ← 2A1(C2v) is determined to be the one probed by the
experiment. First, the 2A1 (C2v) state is predicted to be the ground state of the neutral
complex, and the 4A2 (C6v) state is about 4200 cm-1 higher in energy than the ground state
(Table 6.3). Thus, 4A2 (C6v) state, if it was formed by laser vaporization, would be
quenched by the supersonic expansion. Second the spectral profile of the
1

A1(C2v)←2A1(C2v) transition has the best match to the experimental spectrum. The

spectral assignments obtained from the comparison of the experimental and simulated
spectra are labeled in Figure in 6.3. The spectra of Lu(C6H6) exhibit the vibrational
activities of the metal-ligand stretching (υ+10/υ10) and C-H wagging combined with a inplane ring deformation (υ+8), and ring rocking motions along y- or x-axis (υ+24/υ24,
υ+33/υ33). In addition, a weak transition of a ring scissoring (υ+9) is observed. Table 6.4
summarizes the AIEs, ionization processes, and vibrational frequencies.
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6.4 Conclusions
We have obtained the first high resolution electron spectra of M(C6H6) (M = Gd
and Lu) using ZEKE spectroscopy and determined the ground states of the neutral and
ionic complexes by ZEKE spectra with ab initio calculations. The ZEKE spectrum of
Gd(C6H6) exhibits a strong origin band, while the spectrum of Lu(C6H6) displays a weak
one. The AIE of the Gd complex is red-shifted from Gd metal atom, while the AIE of the
Lu complex is blue-shifted. The metal benzene bonding is weaker in neutral state than
ion state for Gd(C6H6), but stronger for the Lu complex.
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Table 6.1 Molecular point groups (PG), electronic states and energies (Erel, cm-1), metalcarbon distances (RGd-C, Å), and transition energies
ΔE ( 0, including zero point
-1
+
corrections, cm ) of Gd(C6H6) and Gd (C6H6) from MP2 calculations. Reprinted with
permission from J. Phys. Chem. A 2011, 116, 839. Copyright 2012 American Chemical
Society.
Species

PG

State

Erel

RGd-C

Transition

C6v

11

0

2.559

10

C6v

9

ΔE0

Gd(C6H6)
A2

A2

3814

2.537

Gd+(C6H6)

A2
A2

10

A2 ← 9A2

8

C6v

10

C2v

8

A2

B1

40234 2.485
63273 2.690/2.625
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← 40234

11

B2 ← 9A2

36420
59459

Table 6.2 AIEs (cm-1), metal-C6H6 stretching frequencies (cm-1), and dissociation
energies (D0 or D0+, cm-1) of Gd(C6H6) from ZEKE measurements and MP2 calculations.
Reprinted with permission from J. Phys. Chem. A 2011, 116, 839. Copyright 2012
American Chemical Society.
ZEKEa

MP2

AIE

40830

40234

Gd-C6H6 stretch (υ4)

256

278 (293)b

Gd+-C6H6 stretch (υ+4)

296

298

C6H6 ring rock, (υ+16 – υ16)

27

29 (288/259)

D0c

13154

D0+d

21531

a

uncertainty in AIEs from ZEKE measurements is less than 5 cm-1. b Stretching
frequency calculated by Hong et al.257 c Gd(C6H6) (11A2) → C 6H6 (1A1) + Gd (9D20). d
Gd+(C6H6) (10A2) → C6H6 (1A1) + Gd+ (10D5/20)
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Table 6.3 Electronic states, point groups (PG), geometries (R1,2(M-C), R3,4(C-C), δ)a,
relative energies (E0) with zero point vibrational corrections, Lu-C6H6 harmonic
stretching frequencies (υ) from MP2 calculations. Reprinted with permission from J.
Chem. Phys. A 2012, 136, 134310. Copyright 2012 AIP Publishing LLC.
Species

States PG

R1,2(M-C) (Å)

R3,4(C-C) (Å) δ (°)

2

A1

C2v

2.259/2.504

1.381/1.469

149.2 0

247

4

A2

C6v

2.425

1.427

180.0 4210

283

1

A1

C2v

2.188/2.420

1.385/1.473

150.9 43669

281

3

A1

C2v

2.479/2.575

1.398/1.423

169.1 46919

231

3

A2

C6v

2.347

1.432

180.0 48862

313

E0 (cm-1)

υ (cm-1)

Lu(C6H6)

Lu+(C6H6)

a

R1,2(M-C), R3,4(C-C), and δ are Lu-C distances, C-C distances, and benzene ring bending angles indicated

in Figure 6.4. For C6V symmetry R1 = R2, R3 = R4, and δ = 180.0°.
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Table 6.4 Adiabatic ionization energies (AIE, cm-1), vibrational frequencies (υi+/υi), and
Lu-C6H6 complexes from ZEKE measurements and MP2 calculations. Reprinted with
permission from J. Chem. Phys. A 2012, 136, 134310. Copyright 2012 AIP Publishing
LLC.
Experiment Theory
AIE

44446 (5)

Ionization process
1

A1(C2v) ← 2A1(C2v)

43669

3

A1(C2v) ← 2A1(C2v)

46919

3

A2(C6v) ← 2A1(C2v)

48862

3

A1(C2v) ← 4A2(C6v)

42709

3

A2(C6v) ← 4A2(C6v)

44652

C-H wagging and in-plane ring deformation, υ8+, a1

570

591

Ring scissoring, υ9+, a1

408

428

Lu+-benzene stretching, υ10+, a1

270

281

Lu-benzene stretching, υ10, a1

207

247

Ring rocking along y-axis, (υ24+-υ24), b1
Ring rocking along x-axis, (υ33+-υ33), b2

44 (302/258)
28

27 (340/313)

D0+

14807

D0

17157

D0+ and D0 are metal-benzene dissociation energies of the ion and neutral complexes.
Lu(C6H6) (2A1, 5d26s1) → Lu ( 2D, 5d16s2) + C6H6 (1A1g) and Lu+(C6H6) (1A1, 5d2) → Lu ( 1S, 6s2) + C6H6
(1A1g).
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(a)

40000

(b)

41000 44000

45000

Wavenumber (cm-1)
Figure 6.1PIE spectra of (a) Gd(C6H6) and (b) Lu(C6H6) complexes seeded in He carrier
gas. The ionization threshold of each complex is located by the intersection of two lines
as indicated by the arrows.
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0-0 (40830)
54

256

296

40
(a) Exp

*
(b) 10A2 ← 11A2

40500

41000

41500

42000

-1
Wavenumber (cm )

Figure 6.2 (a) Experimental ZEKE spectrum of Gd(C6H6) seeded in He carrier and (b)
simulation of the 10A2 ← 11A2 transition at 300 K. Reprinted with permission from J.
Phys. Chem. A 2011, 116, 839. Copyright 2012 American Chemical Society.
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207 (10 0n )

44446
28
63

270(10 0n )
10 1n 10 0n 3311

91010 0n
10 n2 +1

10 1n 3311

81010 0n

*

(a) Experiment

(b)1 A1 ← 2 A1

(c)3 A 2 ← 4 A 2
44100

44400

44700

45000

45300

45600

-1

Wavenumber (cm )
Figure 6.3 Experimental ZEKE spectrum of Lu(C6H6) seeded in He carrier gas (a) and
simulations of the 1A1 ←2A1 (b) and 3A2 ← 4A2 (c) transitions at 200 K. Reprinted with
permission from J. Chem. Phys. A 2012, 136, 134310. Copyright 2012 AIP Publishing
LLC.
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R2

Side view

R1

δ

R4
R3

Top view

C6v

C2v

4A / 3A
2
2

2A / 1A
1
1

/ 3A1

Figure 6.4 Electronic states and molecular structures of Lu(C6H6) and
Lu+(C6H6) and δ values are listed in table 6.3. Reprinted with permission
from J. Chem. Phys. A 2012, 136, 134310. Copyright 2012 AIP Publishing
LLC.
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CHAPTER 7. METAL ASSISTED C-H AND C-C BOND ACTIVATION OF ETHENE
7.1 Introduction
C-H and C-C bonds are omnipresent, yet many of these could not be exploited in
chemical reactions because of the relatively stable chemical bonds.25 In late 1960s, a new
kind of reactions called oxidative addition reactions came into picture.26 These reactions
were capable of activating the specific C-H and C-C bonds in hydrocarbons, which can
lead to the selective conversion of the organic molecules into more useful
products.27,28,276 Thus, in modern chemistry the interactions of the transition metals with
alkenes are involved in myriad of catalytic processes, such as hydrogenation of
unsaturated hydrocarbons and polymerization of olefins.277-280 Likewise, biological C-H
bond activation is widespread in nature, but practical applications remain to be
limited.281,282 Therefore, the development of catalytic systems for the catalytic
functionalization of saturated and unsaturated hydrocarbons constitutes a very important
field of the contemporary chemistry. The success of such processes would provide
potentially economic and clean methods for synthesizing many chemicals from different
hydrocarbons. For example, the C-H bond activation can revolutionize the petrochemical
industry by directly converting the petroleum stocks into useful compounds.283-285
However, the specific reaction steps of these metal-ligand interactions are rarely known
precisely. The lack of detailed structural and spectroscopic information about some of the
simplest complexes creates a hurdle in understanding the overall reaction mechanisms.
One of the possible ways to obtain this information is to study such complexes in the gas
phase. The part of the reason is that the study of the bare transition metal atom reactivity
in the gas phase provides a simple view of the fundamental metal-hydrocarbon
interactions, unencumbered by the complications from the solvent and ligand.87
In the past 25 years, considerable experimental and theoretical efforts have been
dedicated to study the reactivity of the transition metal atoms with alkenes.286-295 Early
gas phase experimental and theoretical studies focused on the reactions of transition
metal ions (M+), which are significantly reactive with hydrocarbons.52,272,296-301 The study
146

of the ion reactions is relatively simple because the charged species can easily be detected
with mass spectrometry. However, the gas-phase M+-hydrocarbon potential in a sense is
artificially attractive as the ion-induced dipole forces make barriers to the bond insertions
and rearrangements far from the condensed phase bond breaking chemistry. Thus, we and
others are studying the reactions of the neutral metal atoms with hydrocarbons.272,301,302
With neutral transition metal atoms, which are in general less reactive with hydrocarbons,
C-C bond activation is relatively uncommon, because the potential energy barrier for the
C-C bond insertion is much higher than the C-H bond insertion.300,302 In addition, the C-H
bonds are more abundant than the C-C bonds in hydrocarbons and the M-H bonds are
usually stronger than the M-C bonds, making the C-H bond insertion thermodynamically
more favorable. Also, the spherical 1s orbital of the hydrogen atom favors multicentre
bonding, leading to low-energy transition states for the C-H bond insertion. In contrast,
the C-C bonds are highly directional, leading to less favorable multicentre bonding and
larger potential energy barriers for the insertion. The insertion of a transition neutral
metal atom into the C-H bond of a small hydrocarbon is the simplest model for one of the
most fundamental and important catalytic step in a wide range of catalytic reactions, in
particular, the hydrogen abstraction.303,304
There have been several experimental and theoretical studies on the C-H bond
activation of ethene and other small alkenes by the neutral metal atoms.281,305 Weisshaar
and coworkers have extensively used the fast flow reactors equipped with laser-induced
fluorescence to determine the chemical reaction kinetics of the reactions between
transition metals and alkenes.306,307 They reported the bimolecular rate constants, primary
products, and kinetic isotope effect of the reaction of Y with ethene and deuterated
ethene. The H2 and D2 elimination and other products were observed with
photoionization mass spectrometry (PIMS) at 157 nm.308 According to their theoretical
study, no energy barrier was found for the formation of a long range Y-ethene complex.
The chemical reaction dynamics of the metal atoms with ethene and other alkenes have
been studied in the crossed-molecular beams (CMBs) apparatus equipped with PIMS
detection by Davis et al.292,295,309 In these studies, the formation of H2 molecules was
observed in the reaction of ethene and metal atoms. On the other hand, the Nb + ethene
reactions can occur at low collision energies by the initial formation of the NbC2H4
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association complex without a barrier.295 However, none of these gas-phase studies can
directly probe the structures of the reaction products.
In addition to the gas-phase studies, the reactions of metal atoms with ethene have
been investigated by Lester and coworkers using matrix-isolation infrared spectroscopy.
They observed the formation of insertion (MH-C2H3) and dihydrido (MH2-C2H2)
complexes.310 The insertion and dihydrido complexes are reaction intermediates in the
hydrogen elimination process of ethene, as proposed by the previous reaction dynamic
studies.277,310 Evans et al. studied the reaction products of lanthanide elements (Ln) with
C2H4 by cocondensation and deuterolysis.311 In their study, they observed the product of
LnCH2CH2Ln formed by the metal-carbon σ bonding, in addition to the π-complex of
Ln(C2H4).311 In addition to the experimental studies, numerous theoretical investigations
on the reactions of the transition metal atoms with small alkenes were reported by
Seighbahn, Blomberg, and others.290,291,304,312,313
The purpose of the present work is to investigate the C-H and C-C bond activation
chemistry of ethene with La atom and to probe the structures of the intermediates and
products formed in the reaction. A dehydrogenated product, La(C2H2), is observed and
identified as La(η2-C2H2). In addition, a C-C coupling complex, La-cis-(η2-butadiene), is
observed for the first time in such a reaction. AIEs and vibrational frequencies of these
complexes are measured using ZEKE/MATI spectroscopy. Moreover, to identify the
ligand-based vibrational frequencies we measured the spectra of the products formed
between the reaction of the deuterated ethene and La atom. Molecular structures are
obtained by comparing the spectra with the electronic structure calculations and spectral
simulations.

7.2 Experimental and computational methods

The metal-cluster beam apparatus used in this work is similar to the ZEKE
apparatus described in Chapter 2. The reaction between ethene molecules and La atoms
was carried in a pulsed supersonic molecular beam source. Ethene was seeded in the He,
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Ar, or He/Ar carrier with the concentration of (4−5) x10-7. The La atoms were produced
by the pulsed-laser vaporization of a La rod with the second harmonic output of a pulsed
Nd:YAG laser (Continuum Minilite II, 532 nm, 2-3 mJ) in the presence of He or Ar
carrier or a mixture of He/Ar (He/Ar, UHP, Scott-Gross) at about 40 psi delivered by a
piezoelectric pulsed valve. The metal rod was translated and rotated by a motor-driven
mechanism to ensure that each laser pulse ablated a fresh metal surface. Ethene was
purchased from Aldrich (99+ %) and used without further purification. Along with this
experimental set-up, we carried out experiment by introducing ethene after ablation via a
solenoid valve (General Valve, series 9) so that the organic vapor did not pass through
the vaporization region. In this experiment, the ethene mixture with the carrier gas was
introduced perpendicular to the molecular beam at about 3−3.5 cm after the laser ablation
point via a pulsed solenoid valve (at 10 Hz). This is to confirm that the vaporization laser
has no influence on the ethene activation. In addition, vacuum ultraviolet (VUV) laser
was used to monitor if any radicals were formed from possible ethene fragmentation
generated by the ablation laser. Here VUV was used since the energy of our UV laser is
not sufficient to ionize the ethene molecules in a single photoionization process. In this
experiment, VUV light of 118 nm was generated by the frequency tripling of the 3rd
harmonic output of a Nd:YAG laser (355 nm, ~20 mJ/pulse) in a Xe gas cell
(Xe:Ar∼1:10 at 2 psi). Xe was used as a non-linear medium, which absorbs 3 photons of
355 nm and Ar was introduced for phase matching. All these experiments produced
similar time-of-flight spectra and confirmed the insignificant influence of the
vaporization laser on the ethene activation, even though the ethene vapor was passed
through the vaporization region.
The charged species in the molecular beam were removed by a DC electrical field
before they entered in the spectroscopy chamber. The neutral complexes formed in the
reaction were identified by photoionization time-of-flight mass spectrometry. A
frequency-doubled dye laser (Lumonics HD-500) pumped by the third-harmonic output
of a pulsed Nd:YAG laser (Continuum Surelite II, 355 nm) was used to ionize the neutral
complexes. The production of the metal complexes of interest was maximized by
optimizing the timing and power of the vaporization and ionization lasers, the backing
pressure of the carrier gas, and the ethene concentration. Ionization thresholds of the
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complexes were measured using PIE spectroscopy by recording the mass-selected ion
signal as a function of the ionization laser wavelength. The MATI ions were produced by
exciting the neutral molecules to high-lying Rydberg states and then the Rydberg states
were ionized by a delayed pulsed field of 320 Vcm-1. The laser beam was collinear and
counter propagating with the molecular beam. The typical delay time for the pulsed field
in the MATI experiment with He carrier is 10−20 µs. The prompt ions generated by UV
photoionization were removed by a DC field of ∼6 Vcm-1 before pulsed-field ionization.
The ZEKE experiment is similar to MATI, except for the detection of the electrons rather
than the ions. The ZEKE electrons were produced at the optimized conditions by
photoexcitation of the neutral complexes to the high-lying Rydberg states, followed by
the field ionization of these Rydberg states with a 3 µs delay, pulsed-electric field (1.2
Vcm-1, 100 ns). A small DC field (0.06 Vcm-1) was applied to discriminate ZEKE
electrons from kinetic electrons produced by direct photoionization. A delay pulse
generator (Stanford Research Systems DG535) was used to generate the pulsed-electric
field for ionization. The ion and electron signals were detected by a dual microchannel
plate detector (Galileo), amplified by a preamplifier (Stanford Research Systems SR250),
and stored in a laboratory computer. Laser wavelengths were calibrated using vanadium
atomic transitions in the spectral region. The Stark shift induced by the DC field was
calculated using the relation of ΔIE = 6.1Ef1/2, where Ef is in Vcm-1 and ΔIE is in cm-1.314
Geometry optimizations and vibrational frequencies of the neutral and cationic
complexes were carried out at DFT level of theory using B3LYP50 with GAUSSIAN03
program package.81 All calculations were done with the 6-311+G(d,p)315,316 triple-splitvalence basis set for C and H and the SDD (ECP)317 basis sets with 28 core electrons for
La. Harmonic vibrational frequencies were calculated at the same level of theory to
characterize the nature of the stationary points as a local minimum or a transition state.
Connectivities of the minima and transition states were verified by intrinsic reaction
coordinate (IRC) or QTS3 calculations. Single-point energies at the optimized B3LYP
geometries were calculated by the unrestricted coupled cluster method with single,
double, and perturbative triple excitation CCSD(T), marked as CCSD(T)//B3LYP.
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Multidimensional FCF were calculated from the equilibrium geometries,
harmonic vibrational frequencies, and normal coordinates of the neutral and ionic
complexes. The Duschinsky effect60 was considered to account for the normal mode
differences between the neutral and ionic complexes in the FC calculations. A Lorentzian
line shape with the experimental linewidth was used to simulate spectral broadening. The
transitions from the excited vibrational levels of the neutral complexes were simulated by
assuming thermal excitations at specific temperatures.

7.3 Results and discussion

7.3.1 PIE spectra of La(C2H2) and La(C4H6)

Figures 7.1a and 7.1b display the PIE spectra of La(C2H2) and La(C4H6)
complexes, respectively. In general, each spectrum begins with a small and slow rising
signal, followed by a sharp signal onset. The slowly rising signal originates from the
ionization of thermally excited vibrational levels of the neutral complexes. The sharp
signal onsets, indicated by the arrows, correspond to the first ionization thresholds and
are measured to be 41180 (50) and 39350 (100) cm-1 for La(C2H2) and La(C4H6)
complexes, respectively. The ionization thresholds from the PIE measurements were used
to simplify the search for and correlate with the ZEKE/MATI signal. Although ZEKE
and MATI provide similar information, the former has higher spectral resolution and is
simpler to implement, whereas the latter has the mass identifying ability and is suitable
for cases where the identification of ZEKE electron carrier is not straightforward.43,318

7.3.2 ZEKE/MATI spectra of La(C2H2)
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The ZEKE spectra of La(C2H2) and La(C2D2) complexes and the MATI spectrum
of La(C2H2) are shown in Figure 7.2. The peak positions and related assignments are
listed in Table 7.1. As stated above, ZEKE is expected to have better resolution than
MATI because a smaller electric field is used for electron collection. The fwhm of major
peaks in the ZEKE and MATI spectra of La(C2H2) seeded in He are about 12 and 20 cm1

, respectively. The ZEKE spectrum of La(C2H2) shows a very short intensity profile,

indicating that the geometries are similar in the neutral and ionic states. The strongest
peak at 41174 (5) cm-1 arises from the transition between the zero vibrational levels of
the ground electronic state of the neutral and ionic complexes, and 41174 cm-1 is the AIE
of the complex. To the higher energy side of the origin band is a vibrational progression
of 520 cm-1 and a vibrational interval of 806 cm-1. The 806 cm-1 vibrational frequency is
close to the 815 cm-1 absorption band assigned to the CCH in-plane bending mode in the
previous matrix-isolation infrared spectroscopic measurements by Cho and coworkers.319
Superimposed on the higher energy side of each member of the progression are satellite
peaks separated by 27 cm-1. In addition, few peaks with negative intensities are present in
the ZEKE spectrum (Fig. 7.2(a)), but they are absent in the MATI spectrum (Fig. 7.2(c)).
The negative peaks in the ZEKE spectrum (Fig. 7.2(a)) are due to the interferences from
other species present in the molecular beam
Although the four hydrogen atoms in C2H4 are equivalent, the La(C2H2) complex
formed by dehydrogenation may be in different structures as shown in Figure 7.3. These
include (i) the La-η2-(HCCH)/π complex formed by the elimination of one H atom from
each C atom, (ii) the (H-La-CCH) complex formed by the insertion of La atom into the
C-H bond of the dehydrogenated C2H2, and (iii) La-η1-(CCH2) formed by the elimination
of both hydrogen atoms from single carbon atom. Thus, we calculated all these possible
isomers of La(C2H2) and their relative energies are reported in Table 7.2. For the three
isomers of the La(C2H2) complex, the low-spin doublet state is more stable than the highspin quartet state. Among these, the 2A1 state of the π complex has the lowest energy with
the doublet state of the other isomers being nearly 5000 cm-1 or higher. This observation
prediction is in correspondence to previous theoretical predictions for the gas phase
reactions of ethene with metal atoms.304,308,312,313,320 Moreover, as shown in Figure 7.3(d),
although the simulation of the 1A1←2A1 transition of the vinylidene complex has similar
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intensity profiles to the measured spectrum, but the estimated energy of the 520 cm-1
vibrational mode is significantly low and the other vibrational interval at 806 cm-1 from
the 0-0 band in the measured spectrum cannot be simulated by this transition. On the
other hand, the insertion complex has a long spectrum profile for the 1A'←2A' transition
compared to the measured spectrum. Clearly, the measured spectrum is from the La-η2(HCCH) complex and the observed transition is 1A1←2A1. Among the other possible
transitions of the π complex (3B1←2A1 and 3B1←4B1 in Fig. 7.4) predicted by theory are
not likely to be responsible for the measured spectrum. This is because (a) the calculated
AIE (52772 cm-1) of the 3B1←2A1 transition is much higher than the measured AIE
(41174 cm-1) (Table 7.3) and the spectrum profile is much longer than the measured
spectrum, (b) although the calculated AIE (41215 cm-1) of the 3B1←4B1 transition is
closer to the measured AIE (41174 cm-1), the predicted vibrational frequencies are
significantly underestimated. In addition, the 4B1 electronic state is calculated to be about
12000 cm-1 higher in energy than the 2A1 ground electronic state. We thereby conclude
that the La(C2H2) complex exists as La-η2-(HCCH) in the 2A1 neutral and 1A1 ionic
ground electronic state with the nd2(n+1)s1 and nd2 metal electron configurations,
respectively. The electronic states, electron configurations, relative energies, AIEs and
vibrational frequencies of La(C2H2) is listed in Table 7.4. On the basis of the good
agreement between the experiment and theory, the peak at 41174 cm-1 in the measured
spectrum can be assigned as the AIE of the complex. The 520 cm-1 progression is
assigned to the transition of the metal-ligand stretching of La+(C2H2) in the 1A1 ion
electronic state and the peak at 806 cm-1 above the 0-0 band is related to the in-plane
bending of the C-H bonds. The satellite peaks with 27 cm-1 separation are due to the
sequence transitions between the first excited levels of the La-C2H2 stretching vibration
in the neutral and ion electronic states. All the calculated vibrational frequencies and AIE
have excellent match with the observed values and are listed in Table 7.5. As the peak at
806 cm-1 from the origin band is a ligand based vibrational mode, the complex with the
C2D4 ligand shows a significant red-shift in the corresponding mode. As marked in Figure
7.2 (b), the in-plane bending vibration of the C-D bond appears to be around 572 cm-1,
which is nearly 230 cm-1 lower than the C-H bond in-plane bending frequency. In the
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ZEKE spectrum of La(C2D2), a small red shift of about 20 cm-1 is observed in the AIE
and metal-ligand stretching frequency.
Table 7.6 summarizes the predicted geometries of the La(C2H2) complex in
different electronic states (for structures refer to Fig 7.5). The short vibrational
progression observed in the measured spectrum from the 1A1←2A1 transition is consistent
with the predicted small differences between the equilibrium geometries of the neutral
and ionic ground electronic states. For example, the change in the H3-C1-C2 angle is
only about 1%, while the La-C1 distance and C1-La-C2 bond angle are changed by about
2%. The observation of the La-C1 vibration demonstrates that the ZEKE spectrum is very
sensitive in detecting the structural changes induced by ionization. Also, the HOMO of
the La(C2H2) ground electronic state is predicted to be largely a metal-based orbital
character with a very small contribution from the ligand (Table 7.7). Thus, no significant
structural change is observed upon ionization.

7.3.3 ZEKE/MATI spectra of La(C4H6)

The ZEKE/MATI spectra of La(C4H6)/La(C4D6) complexes are shown in Figure
7.6. The peak positions and related assignments are reported in Table 7.1. Unlike the
dehydrogenated product the ZEKE spectrum of La(C4H6) has more vibrational features.
The most intense band is the origin band (0-0) at 39420 cm-1 with the fwhm of about 18
cm-1 in He carrier. The energy of the origin band corresponds to the sharp signal onset of
the PIE spectrum (Figure 7.1) but with smaller uncertainty and is the AIE of the complex.
The spectrum consists of a short progression of 396 cm-1 to the higher energy side of the
0-0 band. Also, the spectrum exhibits two additional bands at 318 and 470 cm-1 on the
higher energy side of the 0-0 band and two weak bands below the origin band at 375 and
289 cm-1. The peaks at 396, 318, and 470 cm-1 above the 0-0 band are associated with the
vibrational transitions in the ion electronic state and the peaks at 375 and 289 cm-1 below
the origin band are related to the corresponding vibrational mode in the neutral ground
electronic state.
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Although the ZEKE spectrum of the La(C4H6) complex is simple, there are two
major questions needed to be answered; first, what is the structure of the complex; and
second, how it is formed? Both C-H bond and C-C bond activation can occur, however,
C-C bond activation is relatively uncommon. If the C-C bond activation does occur, the
formation of C-C coupled products is possible. In spite of many previous studies on the
metal reactions with ethene, none of the those studies have observed a M(C4H6)
complex.311,321 Nevertheless, C4H6 as a free molecule can exist in several structural
isomers,

including

1,3-butadiene,

cyclobutene,

2-butyne,

1-butyne,

and

1-

methylcyclopropane. Table 7.2 lists their relative energies and point groups. Among these
isomers, 1,3-butadiene is found to be the most stable one. For 1,3-butadiene, the transbutadiene is more stable than the cis-butadiene (~1400 cm-1). However, in the complex
formation the cis-butadiene provides much better orbital overlap with the metal atom than
the trans-butadiene and is expected to form a more stable complex. La-cis-butadiene in
the low spin ground electronic state (2A') is predicted to be more stable than the ground
electronic state (2A) of La-(trans-butadiene) by about 3700 cm-1. As shown in Table 7.2
the high spin quartet states for both cis- and trans-La(C4H6) complexes are about 1 eV
higher in energy than the low spin doublet states. Figure 7.7 compares the measured
MATI spectrum with the cis- and trans-La(C4H6) 1A'←2A' and 1A←2A transitions,
respectively. Both simulations have similar profiles but the 1A←2A transition of transLa(C4H6) fails to show the 318 cm-1 vibrational band and underestimates the 396 cm-1
vibrational progression.
Figure 7.7(b) displays the spectral simulation of the 1A'←2A' transition of La-(cisbutadiene). In this simulation, the vibrational frequencies are not scaled although the
calculated IE is referenced to the experimental value for clear comparison. Clearly, the
1

A'←2A' simulation matches well to the experimental spectrum in both vibrational

intervals and intensities. Based on the excellent agreement between the experiment and
theory, the 396 cm-1 progression is assigned to the in-plane ring bending of C2 and C3
coupled with small La-C4H6 stretch in the 1A' ion ground electronic state and the peak at
375 cm-1 below 0-0 band is assigned to the corresponding mode in the 2A' neutral ground
electronic state (for structures, refer to Figure 7.5). The other two vibrational frequencies
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at 318 and 470 cm-1 are assigned to the C-H wagging and CH2 twisting in the 1A' ion
ground electronic state. The detailed assignment and description of each peak position is
summarized in Table 7.5. We found the La(C4H6) complex in Cs symmetry, with La
binding more strongly to the primary carbon atoms (C1 and C4 in Figure 7.5) of the cisbutadiene. Table 7.1 summarizes the measured and calculated AIEs and vibrational
frequencies of both La(C4H6) and La(C4D6) complexes.
We also measured the MATI spectrum of the deuterated analog of La(C4H6) as
shown in Figure 7.6. There are two differences between the spectra of La(C4H6) and
La(C4D6); first, the AIE and major progression energy are red shifted by about 35 and 20
cm-1, respectively; second, the fwhm of the La(C4D6) MATI spectrum is twice as that of
La(C4H6) because some vibrational features of the La(C4D6) complex are not well
resolved. As expected, there is a huge shift in the vibrational frequency of the CH2
twisting motion (470 cm-1) in the deuterated complex. The peak positions of both
La(C4H6) and La(C4D6) are listed in Table 7.1. Table 7.6 presents the geometric
parameters of the La(C4H6) complex. The short vibrational progression observed in the
measured spectrum of the 1A'←2A' transition is consistent with the predicted small
differences in the equilibrium geometries of the neutral and ionic ground electronic
states. For example, the complex is in Cs symmetry with all the carbon atoms in the same
plane. The La atom is bound more strongly to the terminal carbon atoms than the
secondary C atoms, with ~ 6% shorter La-C bond than the other two La-C bonds. Based
on the predicted C-C bond lengths, the secondary carbon atoms have more sp characters,
and primary carbon atoms are almost sp2 hybridized. As shown in Figure 7.7, the HOMO
of the La-(cis-(CH2CHCHCH2)) complex is a metal based s orbital with almost no
contribution from the ligand orbitals. Therefore, after ionization, no significant structural
change is observed other than La-C bond distances.

7.4 Reaction mechanism of La(C2H2)
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In this section, we present the detailed theoretical study on the reaction of the
ground state La atom with ethene. We aim to predict the possible mechanism for the
formation of La(C2H2) by dehydrogenation of C2H4. The characteristics of the
intermediates, transition states, and products along the doublet potential energy surface
(PES) are discussed. A series of theoretical studies by Blomberg, Siegbahn and
coworkers have identified several stationary points along the Y + ethene potential energy
surface.286,307,322 Weisshaar et al. studied Y + ethene reaction and found no energy barrier
to the formation of a long range Y-ethene complex. The optimized geometries of all the
intermediates (IM), transition states (TS), reactants and products on the doublet potential
energy surface are shown in Figure 7.8. The corresponding potential energy profile is
reported in Figure 7.9. The imaginary frequencies for TS and the relative energies of IM
and TS with respect to the ground state reactants are collected in Table 7.8. Finally, we
intend to combine the predicted pathways with experimental findings to understand the
mechanism responsible for the above product formation in the molecular beam.
The first step for the dehydrogenation reaction of ethene induced by a La atom is
the exothermic formation of the La-C2H4 π complex (IM1). The interaction between a
transition metal atom and olefin can be described on the basis of the Dewar-ChattDuncanson model in which olefin donates some of the π electron density into an empty σ
orbital of the metal atom. As a result, the π bond of the olefin is weakened and π* orbital
is lowered in energy such that electrons can be accepted from a back-donating d orbitals
of the metal atom. Resulting complex is named as metallacyclopropane because the
double bond is broken and two covalent bonds are formed between the metal and two
carbon atoms to form a three member ring. The metallacyclopropane complex (IM1), is a
low-spin 2A1 complex in which the breakage of the π bond of ethene is predicted by the
considerable elongation of the C-C bond (1.517 Å) compared to the gas phase values of
C=C bond (1.33 Å).323,324 At the same time the H atoms are tilted upwards with a loss of
planarity. Such a metallacyclopropane with short M-C and long C-C bond distances are
also called “short range” metallacyclopropane complexes.308 Despite of repeated efforts,
we could not locate the “long range” complex. As shown in Table 7.8, the IM1 with C2v
symmetry is stabilized by about 32 kcal/mol compared to the reactants. The next step of
the reaction is the insertion of a La atom into a C-H bond to yield the H-La-C2H3
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intermediate through the formation of a transition state TS1, which corresponds to the
shift of a H from C to La. TS1 is characterized by an imaginary frequency of 887i cm-1
and the normal mode associated to it corresponds to the C-H stretch. The geometry and
energy of TS1 connecting the metallacyclopropane with the insertion intermediate (IM2)
are described in Figure 7.8 and Table 7.8. In IM2, the La atom is bound non-equivalently
with two carbon atoms with bond distances of 2.386 and 2.778 Å. The La-H bond
distance is 2.084 Å. All these bonding parameters indicate that the La atom
simultaneously interacts with the ethene π-bond and the departing H atom. The two C-H
bonds in the CH2 unit are bonded differently with a short C-H bond of 1.089 Å,
suggesting the presence of significant stabilizing agostic interactions. Earlier calculations
with Y + ethene also found the similar bonding features.308 The insertion intermediate HLa-CHCH2 (IM2) is found to be more stable than the reactants by 15 kcal/mol. We
identified two reaction pathways to eliminate the H2 molecule to yield LaC2H2. The lower
energy path involves the concerted H2 elimination from the planar insertion intermediate
HLaC2H3, whereas the higher energy path involves the stepwise H2 elimination from
IM2A. We found the key structural and electronic features of IM and TS in both
pathways to be similar to those reported in previous studies of the Y and Zr
complexes.288,308 In the following section, we will discuss the concerted mechanism
followed by the stepwise mechanism.
In the concerted pathway, following the C-H bond insertion the reaction proceeds
through another intramolecular rearrangement to yield a new intermediate (IM3) through
a multicentre transition state (TS2). In TS2, the La-H bond distances are 2.231 and 2.120
Å, and H-H bond distance is 0.965 Å. TS2 is characterized by an imaginary frequency of
936i cm-1 along the β-C-H stretch. The last step of the reaction is the formation of the
dehydrogenated product through an intermediate (IM3), which has a strong interaction
between La and acetylene and a weak interaction with H2. In IM3, the La-H bond lengths
are increased to 2.502, and 2.371 Å and H-H bond distance is decreased to 0.779 Å,
which is close to the predicted equilibrium bond distance in the molecular H2 (0.744 Å).
The potential energy pathway for the concerted H2 elimination is shown in Figure 7.9.
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However, in the stepwise H2 elimination pathway the IM2A undergoes a β-H
transfer to give another transition state TS3, which leads to a dihydrido intermediate
(IM5) with strong La-H bonds (2.121Å) and relatively weak La-C bonds (2.633 Å). IM5
yields the elimination product through another transition state (TS4). TS4 is characterized
by an imaginary frequency of 1052i cm-1 for the H-La-H bond-angle stretch

7.5 Reaction mechanism of La(C4H6)

The optimized geometries of all stationary points, including intermediates,
transition states and products, are shown in Fig. 7.10. The corresponding potential energy
surface is shown in Fig. 7.11. Relative energies of the intermediates and transition states
and the imaginary frequencies of the transition states are reported in Table 7.8. Similar to
the reaction mechanism discussed above, the π complex is formed between the free
ethene molecule and the IM2 from the previous reaction mechanism. The interaction
between IM2 and ethene again can be described on the basis of the Dewar-ChattDuncanson model. The π bond of ethene is weakened as indicated by the increase in the
C-C bond length from 1.340 Å in the free ligand to 1.404 Å in the complex. In addition,
there is a slight increase in the La-C and La-H bond lengths in the IM2 moiety, but with
no significant effect on the C-C bond length. As shown in Table 7.8, the adduct is
stabilized by ~12 kcal/mol compared to the reactants. The next step is the activation of
the H atom of the ethene molecule to yield IM6 via the transition state TS5. In IM6, the
two metal-hydride bonds are 2.163 and 2.225 Å. TS5 is characterized by an imaginary
frequency of 238i cm-1 for the normal mode associated with the correct path leading to
the formation of the second metal-hydride bond. In IM6, La is coordinated nonequivalently to the four carbon atoms with the bond lengths of 2.431, 2.852, 2.623, and
3.014 Å. The formation of the La-cis(butadiene) complex requires the H2 elimination and
the formation of C-C bond between the two ethene units. As shown in IM7, the two La-H
bonds are weakened compared to TS6, and a hydrogen molecule is formed. Energetically,
IM7 is very close to the reactants. The transition from IM7 to IM8 is accompanied by the
barrier less elimination of the H2 molecule. In IM8, La atom is bound to two carbon
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atoms from different ethene molecules with a bond length of 2.425 Å, and the two carbon
atoms are separated by 3.946 Å. IM8 via TS7 leds to the formation of IM9 in the Lacis(butadiene) structure. TS7 is characterized by an imaginary frequency of 537i cm-1 for
the motion related to the two C atoms coming closer to form the butadiene molecule.

7.6 Conclusions

Hydrogen elimination and C-C coupling products were identified in the reaction
of laser-ablated La atoms and ethene in a pulsed molecular beam source by time-of-flight
mass spectrometry and studied by ZEKE and MATI spectroscopy and density functional
theory calculations. The adiabatic ionization energies of the La(η2-C2H2) and La(C4H6)
complexes are measured to be 41174(5) and 39405(5) cm-1, respectively. The La-(C2H2)
and La-(C4H6) stretching and C-H bending frequencies of the corresponding ions are also
determined, and the vibrational assignments are confirmed by the isotopic substitution
measurements. La(C2H2) is determined to be a triangle (C2v) in the 2A1 ground electronic
state, where La binds with C2H2 in a two-fold mode (η2). La(C4H6) is identified as a Lacis-(butadiene) species with La being bound to the cis isomer of 1,3-butadiene and is in
the 2A' (Cs) ground electronic state.
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Table 7.1 ZEKE/MATI peak positions (cm-1) and assignments of La(C2H2), La(C2D2),
and La(C4H6) and La(C4D6).
Peak

Assign.

La(C2H2)

Peak

Assign.

La(C2D2)

Peak

Assign.

La(C4H6)

Peak

Assign.

La(C4D6)

41174

000

41156

000

39045

1310

39012

1110

41201

411

41180

411

39131

1210

39064

1210

41694

410

41670

410

39420

000

39110

1310

41722

412

41696

412

39430

1211

39386

000

41980

310

41728

310

39440

1222

39398

1211

42218

402

42178

402

39450

1233

39738

1310

39768

1210

39818

1210

39776

1212

39828

1212

39830

13111110

39890

1110

39995

1010

40135

13101210

40014

13101110

40210

1202

40140

1202

40224

1213

40240

1232

40296

11101210
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Table 7.2 Electronic states and relative electronic energies (Erel) (cm-1) of La(C2H2),
La(C4H6), and C4H6 isomeric structures from DFT/B3LYP calculations.

Structure
La-η2-(C2H2)

Point group
La(C2H2)
C2v

H-La-CCH

Cs

La-η1(CCH2)

C2v

Cis-butadiene

La(C4H6)
Cs

Trans-butadiene

C2

Trans-butadiene
Cis-butadiene
Cyclobutene
2-butyne
Butyne
1-methylcyclopropene

C4H6
C2h
C2v
C2v
D3h
Cs
Cs
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State
2

Erel

A1
B1
2 '
A

0
11920
4995

2

6922
14094

4

4

A1
A1

2

A'
A"
2
A
4
B

0
9986
3625
11064

1

0
1387
5172
3074
5242
11322

4

Ag
A1
1
A1
1 '
A1
1 '
A
1 '
A
1

Table 7.3 Point groups, electronic states, relative energies (Erel, cm-1), and AIEs (cm-1) of
the La(C2H2), and La(C4H6) complexes from DFT/B3LYP calculations.
Complexes

Symmetry

Electronic
states

Erel

Transitions

41174a

La(C2H2)
C2v

3

C2v

1

C2v

4

C2v

2

A1← 2A1

42017

B1 ← 2A1

52772

B1 ← 4B1

41215

B1

53040

1

A1

41908

3

B1

11920

3

A1

0
39418a

La(C4H6)
A"b

49051b

Cs

1

A'

40034

Cs

4

A"

9986

Cs

2

Cs

a

From experiment

b

Transition state

AIE

3

A'
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0

1

A'←2A'

40164

Table 7.4 Electronic states, electron configuration, relative energies (Erel, cm-1), AIEs
(cm-1), and vibrational frequencies of the La(C2H2) and La(C4H6) complexes from
DFT//B3LYP.

States

Electron
configuration

Erel

Transitions

AIE

Frequencies

41174a (41156a)*

522a,b, 806a,c (514a,b, 572a,c)*

A1← 2A1

42017 (39217)*

528b, 832c (484b, 597c)*

B1 ← 2A1

52772

334b, 730c

B1 ← 4B1

41215

334b, 730c

39420a (39386a)*

318, 470, 396 (378, 609)*

40164 (40139)*

309, 492, 391 (379, 386, 329)*

La(C2H2)1
3
1

B1

d(-1)d(-2)

53040

1

A1

d2(-1)

41908

3

B1

d(-1)d(-2)s

11920

3

A1

d2(-1)s

0

4
2

La(C4H6)
3

A"**

d(-1)d(-2)

49051d

A'

d2(+2,0)

40034

A"

d(-1)d(-2)s

9986

d2(+2,0)s

0

1
4

2

A'

1

A'←2A'

a

From ZEKE measurements; * For La(C2D2); ** transition state; b Metal-ligand stretching
vibration; c C-H in plane bending motion; d transition state; 1 B3LYP with LanL2DZbasis
set; 2 MP2 with SDD basis set
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Table 7.5 AIEs (cm-1) and vibrational frequencies (cm-1) of the La(C2H2) and La(C4H6)
complexes from ZEKE spectroscopy and DFT/B3LYP calculations.
Complexes

ZEKE

B3LYP

Mode description

AIE

41174

42017

v4+

522

528

La-ligand stretch.

v3+

806

832

In plane C-H bend

La(C4H6)

39418

40164

v13

289

279

C-H wag. of C2 and C3 with small La-ligand stretch.

v12

375

359

In plane ring bend. mainly C1 and C4 units

v13+

318

309

C-H wag. of C2 and C3 with small La-ligand stretch.

v12+

396

391

In plane ring bend mainly C1 and C4 units

v11+

470

492

CH2 twist.

La(C2H2)
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Table 7.6 Bond lengths (Å) and bond angles (°) of the La(C2H2) and La(C4H6) complexes
in different electronic states from DFT/B3LYP calculations.

LaC2H2
Parameters

2

1

A1

A1

4

B1

3

B1

C1-C2

1.345

1.347

1.265

1.260

La-C1

2.306

2.253

2.542

2.511

H3-C1-C2

126.7

128.3

149.1

150.7

C1-La-C2

33.91

34.79

28.81

29.06

La(C4H6)
2

*

1

A'

A'

4

A"

3

A"*

C1-C2

1.449

1.451

1.391

1.391

C2-C3

1.385

1.389

1.435

1.438

C1-La

2.510

2.437

2.804

2.737

C2-La

2.671

2.617

2.728

2.670

H5-C1-C2

117.0

116.4

122.1

121.8

H5-C1-H6

111.7

111.4

115.5

115.2

H5-C1-C2-C3

-43.09

-46.20

-19.94

-22.52

H6-C1-C2-C3

-179.2

-178.9

-176.7

-177.3

Transition state
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Table 7.7 HOMO and LUMO of C2H4, C2H2, La(C2H2), and La(C4H6) in their ground
electronic states.
Complex

HOMO

HOMO-1

C2H4

C2H2

La(C2H2) 2A1

La(C4H6) 2A'
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LUMO

Table 7.8 Relative energies (Erel, kcal/mol) and the imaginary frequencies (IMG, cm-1) of
the transition states from CCSD(T)//B3LYP calculations.
Species

Energy

IMG

LaC2H2
La + C2H4

0.00

IM1

-32.4

TS1

-2.56

IM2

-26.8

IM2A

-15.1

TS2

7.81

-936

TS3(SE)

2.02

-94

IM3

-7.19

IM5(SE)

36.4

TS4(SE)

27.8

IM4 + H2

-4.69

-887

-1052

LaC4H6
C2H4 + IM2

0.0

Adduct

-20.9

TS5

34.8

IM6

32.6

TS6

34.9

IM7

-0.36

IM8 + H2

2.21

TS7 + H2

35.4

IM9 + H2

-23.1
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-238

-346

-537

(b) La(C4H6)

39350 (100)

39200

(a) La(C2H2

41180 (50)

40000

40800

41600

-1

Wavenumber (cm )
Figure 7.1 PIE spectra of La(C2H2) (a) and La(C4H6) (b) seeded in He carrier. The
ionization threshold is located by the intersecting point of two lines as pointed by the
arrow.
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41174
27

520
806
(a) La(C2H2), ZEKE

572
(b) La(C2D2), ZEKE

(c) La(C2H2), MATI

41200

41600

42000

42400

Wavenumber (cm-1)
Figure 7.2 ZEKE spectra of La(C2H2) (a) and La(C2D2) (b) and MATI spectrum of
La(C2H2) (c) in He carrier.
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41174
27

520
806

ZEKE (a)

(b) La-η2-(HCCH), 1A1←2A1
(c) 1A' ←2A'

H-La-CCH

(d) La-η1-(CCH2), 1A1←2A1

41000

41500

42000

Wavenumber (cm-1)
Figure 7.3 Experimental ZEKE spectrum of La(C2H2) seeded in He (a) and simulations of
1
A1←2A1 of La-η2-(C2H2) (b), 1A'←2A' of H-La-CCH (c), and 1A1←2A1 of La-η1-(CCH2)
(d).
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41174
27

520
806
(a) ZEKE

(b) 1A1←2A1

(c) 3B1 ← 2A1

(d) 3B1 ← 4B1

41200

41600

42000

42400

-1

Wavenumber (cm )
Figure 7.4 Experimental ZEKE spectrum of La(C2H2) seeded in He (a) and simulations
of the 1A1←2A1 (b), 3B1 ← 2A1 (c), and 3B1 ← 4B1 (d) transitions at 250 K.
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La

La
7

1
3

6

2

2

1
5

4

3

8
4

9

10
La(C4H6), (b)

La(C2H2), (a)

Figure 7.5 Structures of La(C2H2) (a), La(C4H6) (b), C2H4 (c), C2H2 (d),Cis-butadiene (e),
and Trans-butadiene (f).
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0-0 (39420)
396

~ 10

375
289

318 470
(a) La(C4H6), ZEKE

(b) La(C4H6), MATI

(c) La(C4D6), MATI

39200

39600

40000

40400

Wavenumber (cm-1)

Figure 7.6 Experimental ZEKE spectrum of La(C4H6) (a) and MATI spectra of La(C4H6)
(b) and La(C4D6) (c).
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0-0 (39420 )
~ 10
375
289

396

318 470
(a) MATI

(b) 1A'←2A', cis-isomer

(c) 1A←2A, trans-isomer

39200

39600

40000

40400

Wavenumber (cm-1)
Figure 7.7 Experimental MATI spectrum of La(C4H6) (a) and simulation of 1A'←2A' of
La-cis-(butadiene) (b) and 1A←2A of La-trans(butadiene) (c).
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2.084
2.056
2.365
1.517

2.565 2.268

CE/SE
1.093

CE/SE

2.778

1.542

1.109
1.086

1.389

85.47

116.1
IM1

2.386

1.340

TS1

2.231
2.120 0.965
2.231
2.401
CE
1.583
1.342

1.109
1.089

TS2

IM2
SE

CE

3.390
2.112

2.112
2.593

2.502
2.371
2.339

2.315

2.593

0.779

1.348
1.266
TS3

IM3
CE

SE

1.673
2.138

2.121
113.2 SE

SE

2.633

2.294
1.366

2.438

1.263

1.094
1.306
IM5

124.4
IM4

TS4
2.098

0.744

121.7

2.942

116.5
1.328

H2

2.413
1.084

1.339
Ethylene
IM2A

Figure 7.8 La + ethylene reaction pathways for the formation of La(C2H2), where IMn stands for
intermediate states and TSn for transition states.
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IM5
TS4

E (kcal/mol)

20
TS2

0

La+C2H4

TS1

TS3

La-C2H2 + H2

-20

(H2)La-C2H2 (IM3)
IM2A
La-C2H4 (IM1)

H-La-C2H3 (IM2)

Figure 7.9 Potential energy profile for the La + C2H4 reaction that leads to the hydrogen
elimination via a concerted mechanism. Energies (kcal/mol) are relative to the ground
state reactants and are predicted by the B3LYP method.
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2.136
2.857

2.459

2.741

2.872

2.695

1.340

2.266
2.163

2.225
1.404

2.865

2.447

2.852
2.431

3.553

Adduct

2.225
3.014

2.623

TS5
IM6

H2

0.805

0.744

2.847

2.415

2.425

2.421

2.848
2.853
3.946

2.865
2.425

2.249
4.396

2.441

IM8

2.457
IM7

2.439

2.193
2.540

3.965
TS6

2.403

2.479

2.510

2.510
2.895

2.291
1.978

1.449
IM9

TS7

Figure 7.10 La +ethylene reaction pathways for the formation of La(C4H6), where
IMn stands for intermediate states and TSn for transition states.
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4.240

TS7

TS5

30

TS6
IM6

E (kcal/mol)

20
10
IM8

0

IM7

-10
-20

IM9

Figure 7.11Potential energy profile for the formation of La(C4H6) from the La + C2H4
reaction Energies (kcal/mol) are relative to the ground-state reactants and predicted with
the B3LYP method.
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CHAPTER 8. METAL ASSISTED C-H AND C-C BOND ACTIVATION OF
PROPENE
8.1 Introduction

Metal interactions with hydrocarbons play an important role in a variety of
homogeneous and heterogeneous catalytic processes, such as hydrogenation of
unsaturated hydrocarbons and polymerization of olefins.277,279,325 These interactions are
capable of activating the C-H and C-C bonds in hydrocarbons, which can lead to the
selective conversion of the organic molecules into more useful products.124,276 For
example, the C-H bond activation can revolutionize the petrochemical industry by
directly converting petroleum stocks into useful compounds.310,326 Likewise, biological
C-H bond activation is widespread in nature, but practical applications remains
limited.282,307,326 Thus, the development of catalytic systems for the catalyticfunctionalization of saturated and unsaturated hydrocarbons constitutes an extremely
important field of the modern chemistry. In the past decade, CMB,80,295 fast-flow
reactors,320,327 theoretical calculations7,289-291,322,328,329 and many other studies74,330-332 have
been done in order to understand the mechanism of these processes. The gas-phase
chemistry of the organometallic systems is not only interesting on its own, but has
undergone a significant progress in the past 25 years. One of the reasons for the gasphase measurements is that the study of the bare transition metal atom reactivity provides
a simple view of the fundamental metal-hydrocarbon interactions, without any
interferences from the surrounding solvent and counterions.
Early gas-phase experimental and theoretical studies focused on the reactions of
metal ions (M+), which significantly react with hydrocarbons.52,296-299 Such studies are
relatively simple because the charged species can easily be detected with mass
spectrometry. However, the gas-phase M+-hydrocarbon potential in a sense is artificially
attractive as the ion-induced dipole forces make barriers to the bond insertions and
rearrangements far from the condensed phase bond-breaking chemistry. Thus, we and
others are studying the reactions of the neutral metal atoms with hydrocarbons.272,301 With
neutral transition metal atoms, which are in general less reactive than the ions with
hydrocarbons, C-C bond activation is relatively uncommon, because the potential energy
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barrier for the C-C bond insertion is much higher than for C-H bond insertion.300,302,309,333
Moreover, the C-H bonds are more abundant than the C-C bonds in hydrocarbons and the
M-H bonds are usually stronger than the M-C bonds, making C-H bond insertion
thermodynamically more favorable. The insertion of a neutral transition metal atom into a
C-H bond of a small hydrocarbon is the simplest model for one of the most fundamental
and important catalytic steps in a wide range of catalytic reactions, in particular, the
hydrogen abstraction.304 Direct study of the reaction intermediates would provide a direct
evidence for proposed reaction pathways. Despite the stronger C-H bonds in alkenes
compared to alkanes, in general, neutral metal atoms are more reactive towards alkenes
than those in alkanes.291 To insert a metal atom in a C-H bond of alkane (RH), the metal
atom must break a strong C-H bond, while forming two much weaker bonds (H-M-R).
However, in metal alkene complexes, the π bond of the alkene is only weakened, not
broken. In addition, two new dative bonds are formed, one by the donation of π alkene
orbital into an empty σ orbital on the metal atom and the other by “back-donation” from a
metal dπ orbital into an empty π* orbital of the alkene.
Many experimental and theoretical studies have been performed on the reactions
of transition metal atoms with propene to study the C-H bond activation processes.311
Carroll et al. studied the bimolecular reactions between propene and second-row
transition metal atoms by using fast-flow reactors. In their study, they monitored the
depletion of Y atom and determined the effective bimolecular reaction rate constants.
Porembski and coworkers studied the reaction of Y atom with propene in a flow cell and
observed the H2 elimination at the collision energy of as low as 0.9 kcal/mol. Hinrichs et
al. studied the reaction between Y metal atom and propene in the CMBs, and measured
the branching ratios between the C-C and C-H bond activation.302 The C-C bond
activation resulted in the formation of YCH2 and C2H4, whereas the C-H bond activation
led to the YC3H4 + H2 and YH2 + C3H4 products. Experimental results combined with the
Rice-Ramsperger-Kassel-Marcus modeling indicate that for propene all three reaction
channels involve the formation of a π-complex that undergoes insertion into one of the
three sp3-hybridized C-H bonds in the methyl group. Then, the H migration from the
yttrium allyl hydride intermediate yields two C-H bond activation products, YC3H4 + H2
and YH2 + C3H4.302 Later, similar reaction products are predicted from the theoretical
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calculations by Tao et al.313 In a recent study, the C-H bond insertion product (vanadium
allyl hydride) formed by the reaction of propene with vanadium atom was identified by
the matrix-isolation infrared spectroscopy.332 The study showed that the initial metal
atom insertion occurs at the methyl group of propene and is supported by the DFT
calculations.332 In general, a major drawback of the work done so far is the lack of
experimental data about the structures of the products or the intermediates involved in
such reactions.
The purpose of the present work is to investigate the C-H and C-C bond activation
chemistry of propene with laser-ablated La atoms and to probe the structures of the
intermediates and products formed in the reaction. A C-H bond insertion intermediate, HLa(η3-C3H5), is observed for the first time in the gas phase. In addition, two different
isomers of the dehydrogenated products, La(CHCCH3) and La(CHCHCH2), are observed.
Moreover, a C-C coupling product, La(trimethylenemethane), is observed for the first
time in such a reaction. AIEs and vibrational frequencies are measured using MATI
spectroscopy. Molecular structures are obtained by comparing the spectra with electronic
structure calculations and spectral simulations.

8.2 Experimental and computational methods

The metal-cluster beam apparatus used in this work is similar to the ZEKE
apparatus described in Chapter 2. The reaction between propene molecules and La atoms
was carried in a pulsed supersonic molecular bema source. Propene was seeded in the He,
Ar, or He/Ar carrier with the concentration of (4−5) x10-7. The La atoms were produced
by pulsed-laser vaporization of a La rod with the second harmonic output of a pulsed
Nd:YAG laser (Continuum Minilite II, 532 nm, 2-3 mJ) in the presence of He or Ar
carrier or a mixture of He/Ar (He/Ar, UHP, Scott-Gross) at ∼40 psi delivered by a
piezoelectric pulsed valve. The metal rod was translated and rotated by a motor-driven
mechanism to ensure that each laser pulse ablated a fresh metal surface. Propene was
purchased from Aldrich (99+ %) and used without further purification. Along with this
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experimental set-up, we have carried out experiment by introducing propene after
ablation using a solenoid valve (General Valve, series 9) so that the organic vapor did not
pass through the vaporization region. In this experiment, the propene seeded in the carrier
gas was introduced by a pulsed solenoid valve (at 10 Hz) perpendicular to the pure carrier
gas delivered by the piezoelectric valve at ~3−3.5 cm after the laser ablation point. This
is to confirm that the vaporization laser has no influence on the propene activation.
Moreover, VUV laser was used to monitor if any radicals were formed from possible
propene fragmentation generated by the ablation laser. Here VUV was used since the
energy of our UV lasers is not sufficient to ionize the propene molecules in a single
photoionization process. In this experiment, VUV light of 118 nm was used. The 118 nm
was generated by the frequency tripling of the 3rd harmonic output of a Nd:YAG laser
(355 nm, ~20 mJ/pulse), in a Xe gas cell (Xe:Ar∼1:10 at 2 psi). Xe was used as a nonlinear medium, which absorbs 3 photons of 355 nm, and Ar was introduced for phase
matching. All these experiments produced similar time-of-flight spectra and confirmed
the insignificant influence of the vaporization laser (2−3 mJ) on the propene activation,
even though the propene was passed though the vaporization region.
The charged species in the molecular beam were removed by a DC electrical field
before they entered in to the spectroscopy chamber. The neutral complexes formed in the
reaction were identified by photoionization time-of-flight mass spectrometry. A
frequency-doubled dye laser (Lumonics HD-500) pumped by the third-harmonic output
of a pulsed Nd:YAG laser (Continuum Surelite II, 355 nm) was used to ionize the neutral
complexes. The production of metal complexes of interest was maximized by optimizing
the timing and power of the vaporization and ionization lasers, the backing pressure of
the carrier gas, and the propene concentration. Ionization thresholds of the complexes
were measured using PIE spectroscopy by recording the mass-selected ion signal as a
function of the ionization laser wavelength. The MATI ions were produced by exciting
the molecules to high-lying Rydberg states and then the Rydberg states were ionized by a
delayed pulsed field of 320 Vcm-1. The laser beam was collinear and counter propagating
with the molecular beam. The typical delay time for the pulsed field in the MATI
experiment with He carrier gas is 10-20 µs. The prompt ions generated by UV
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photoionization were removed by a DC of ∼6 Vcm-1 before pulsed-field ionization. A
delay pulse generator (Stanford Research Systems DG535) was used to generate the
pulsed-electric field for ionization. The ion signal was detected by a dual microchannel
plate detector (Galileo), amplified by preamplifier (Stanford Research Systems SR250),
and stored in a laboratory computer. Laser wavelengths were calibrated using vanadium
atomic transitions in the spectral region.
Geometry optimization was carried out at DFT level of theory using the B3LYP
implemented in the GAUSSIAN03 program package.81 All calculations were done with
the 6-311+g(d,p) triple-split-valence basis set for C and H and the pseudo-core-potential
LanL2DZ basis set with 46 core for La. Harmonic vibrational frequencies were
calculated at the same level of theory to characterize the nature of the stationary points as
a local minimum or a transition state. Connectivities of the minima and transition states
were verified by IRC calculations.
Multidimensional FC factors were calculated from the equilibrium geometries,
harmonic vibrational frequencies, and normal coordinates of the neutral and ionized
complexes.

The Duschinsky effect60 was considered to account for normal mode

differences between the neutral and ionic complexes in the FC calculations. A Lorentzian
line shape with the experimental linewidth was used to simulate spectral broadening.
Transitions from excited vibrational levels of the neutral complexes were simulated by
assuming thermal excitations at specific temperatures.

8.3 Results and discussion

8.3.1 PIE spectra of La(C3H4), La(C3H6), and La(C4H6)

Figure 8.1 displays the PIE spectra of La(C3H4), La(C3H6), and La(C4H6). In
general, each spectrum begins with a small and slow rising signal, followed by a sharp
signal onset. The slowly rising signal originates from the ionization of thermally excited
vibrational levels of the neutral complexes. The sharp signal onsets, indicated by the
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arrows, correspond to the first ionization thresholds and are measured to be 40490 (50)
and 40890 (50), 41100 (200), and 41200 (100) cm-1 for La(C3H4), La(C3H6), and
La(C4H6), respectively. The three complexes have close estimated ionization energies
(IEs) ranging from 40500-41200 cm-1. The PIE spectrum of La(C3H4) shows two steps
separated by ∼400 cm-1, and the second step may arise from the transition from a
vibrational excited level of a neutral state or from a different isomers. The lack of a very
sharp onset at the ionization threshold of La(C3H6) indicates a significant structural
difference between the neutral and ionic complexes. The ionization thresholds from the
PIE measurements were used to simplify the search for the MATI signal.

8.3.2 MATI spectrum of La(C3H4)

Figure 8.2 shows the MATI spectrum of La(C3H4) complex produced by the
dehydrogenation of free C3H6 by the laser ablated La atoms. The band positions and
related assignments are listed in Table 8.1. The MATI spectrum shows two major bands
at 40509 (A) and 40942 (B) cm-1 corresponding to the two ionization onsets on the PIE
spectrum of La(C3H4). In addition, the spectrum shows a few small bands to the higher
energy side of each major band. The two intense bands A and B may be related to the
vibrational excited species or different isomers. However, the former is unlikely because
the relative intensities of the band A and B are similar in cooler He/Ar (1:1) molecular
beams and no regular vibrational progression is observed.
In propene, three types of C-H bonds exists, the La(C3H4) complex formed by
dehydrogenation may be in different structures as shown in Figure 8.3, along with their
relative electronic energies. On the basis of the predicted relative energy differences, the
1,2- and 1,3-elimination products, (La(CHCCH3), A) and (La(CHCHCH2), B), are most
stable dehydrogenated products and likely exist in the molecular beams. This is similar to
the previous theoretical calculations on the reaction of yttrium with propene.313 In the
past, the experimental studies were performed to investigate the gas phase reactions of
propene with metal atoms using crossed molecular beams and fast-flow reactors.
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However, none of these gas phase studies was able to discriminate between the different
dehydrogenated isomers of the M(C3H4) complex.
As listed in Table 8.2, there are three possible ionization processes (1A'←2A',
3

A"←2A', and 3A"←4A") of isomer A predicted by theory. The transition 1A'←2A' is the

carrier of band A in the MATI spectrum. This is because (a) the 2A' is the ground state of
the neutral complex, and (b) the predicted AIE (42220 cm-1) of the transition 1A'←2A' is
close to the measured AIE (40509 cm-1). The other transition 3A"←2A' is unlikely to
contribute to the observed spectrum because of the following two reasons. First, the
predicted AIE (48980 cm-1) of the transition is much higher than the measured value.
Second, the spectrum profile of the transition is longer than that of the measured
spectrum (not shown). On the other hand, the calculated AIE (40514 cm-1) of the
transition 3A"←4A" is closer to the measured value, but the 4A" neutral state is at a
significantly higher energy (8674 cm-1) than the 2A' ground electronic state. Therefore,
the ionization process probed by the experiment is the 1A'←2A' transition of isomer A.
Similarly, for isomer B (Table 8.2), the transition 1A←2A is responsible for band B in the
measured spectrum. This is because (a) the 4A electronic state is a transition state with an
imaginary frequency of ~500 cm-1 and is calculated to be about 19000 cm-1 higher in
energy than the 2A ground electronic state, (b) the predicted AIE (42930 cm-1) of the
transition 1A←2A has the best match with the measured value (40942 cm-1), (c) the
spectrum profile of the transition 3A←2A is much longer than the measured spectrum
(not shown). Other electronic transitions from the neutral complex of one isomer to the
ion of another isomer are not considered, because such transitions would have a long FC
profile due to large geometry differences between the initial and final states.

Figure 8.2 compares the experimental spectrum with the sum of the simulations of
the transitions 1A'←2A' of isomer A (c) and 1A←2A of isomer B (d). To simplify the
comparison between the calculated and measured FC profiles, the calculated transition
energies are shifted to match the experimental ionization energies. Although neither of
the individual simulations matches the experimental spectrum, their combination (b)
gives an excellent agreement with the measurement. We combined the two simulations,
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because the predicted AIEs of the two isomers and their difference are close to the
measured values, and the calculated vibrational modes have good agreement with the
measurement in both intensities and frequencies. The calculated and measured AIEs and
vibrational frequencies are listed in Table 8.3. The transition 1A'←2A' of isomer A
reproduces the vibrational bands at 224 and 568 cm-1 from the 0-0 band of isomer A at
40509 cm-1. Similarly, the transition 1A←2A of isomer B reproduces the related
vibrational bands at 362, 414, and 620 cm-1 from the 0-0 band of isomer B at 40942 cm-1.
The two intervals at 224 and 568 cm-1 of isomer A are assigned to the excitations of the
La+(CHCCH3) bending and stretching modes in the 1A' ion electronic state. The 362, 414,
and 620 cm-1 intervals of isomer B are attributed to the excitations of the three La-C
stretching modes (refer to Table 8.3 and Figure 8.4) of the La+(CHCHCH2) 1A ion state.
The HOMO of the 2A' and 2A electronic states of isomer A (Cs) and B (C1), respectively,
is predicted to be largely a metal-based (s and dz2) orbital character with almost no
contribution from the ligand orbitals (refer to Figure 8.5). The ionization from a nonbonding orbital has a little effect on the geometry of the complex, which is reflected by a
short FC profile of the MATI spectrum. HOMOs of both isomers have similar characters,
but their HOMO-1 orbitals involve different metal d orbitals, namely dxy and mixture of
dxz, dxy, and dz2 for isomers A and B, respectively.
The geometric parameters of the dehydrogenated products are reported in Table
8.4 (for structures refer to Fig. 8.4). The short vibrational progression observed in the
MATI spectrum is consistent with the predicted small differences between the
equilibrium geometries of the neutral and ionic ground electronic states of both isomers
A and B. Two of the three La-C bond lengths of isomer A and all the three La-C bond
lengths of isomer B are similar. This indicates that the La atom is in η2 and η3 binding
modes in isomers A and B, respectively. For the bond angles, other than the C1-C2-C3
angle (~2% change) of isomer A, no significant change is predicted.
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8.3.3

MATI spectrum of La(C3H6)

Figure 8.6 displays the MATI spectrum of the La(C3H6) complex. The band
positions and related assignments are reported in Table 8.1. The band at 41131 (5) cm-1
arises from the transition between the zero vibrational levels of the ground electronic
states of the neutral and ionic complexes, and 41131 cm-1 is the AIE of the complex. The
band widths of the MATI spectra are ~28 cm-1 in He/Ar mixture and ~36 cm-1 in He (not
shown). The broad lines are due to the unresolved rovibronic transitions. Unfortunately,
the measurement of the MATI signal in pure Ar was not successful due to the weak
signal. To the higher energy side of the origin band is a vibrational progression of 280
cm-1 and below the origin band is a vibrational mode of 234 cm-1. The satellite bands
separated by ∼40 cm-1 from the 280 cm-1 progression are likely due to the sequence
transitions between the first excited levels in the ionic and neutral electronic states. In
addition, a vibrational interval of 476 cm-1 and several combination bands are observed to
the blue side of the 0-0 band.
One of the most challenging issues in characterizing the organometallic systems is
the identification of the metal binding sites and low-energy electronic states. There are at
least four ways that La can bind to C3H6, as shown in Figure 8.7. These include (i) the πcomplex formed by La binding to the π bond of propene in an η2 binding mode,302 (ii) the
HLaCH2CHCH2 insertion complex formed via a π-complex by the insertion of La into
one of the methyl C-H bonds, (iii) the η3 bound complex formed by the interaction of the
metal atom into cyclopropane (a structural isomer of C3H6), and (iv) the
metallacyclobutane complex formed by the migration of the metal bound hydrogen atom
to the central carbon atom in the allyl chain of the insertion complex.302 In case of
propene, there are allylic and vinylic C-H bonds. The bond strength of the C-H bond at
the allylic position is 361 kJ/mol, much weaker than the other vinylic C-H bonds, which
are closer to 444 kJ/mol.332 Therefore, it is energetically favorable for a metal atom to
preferentially insert into one of the methyl C-H bonds. According to the previous studies,
the HLaCH2CHCH2 complex is expected to be one of the intermediates in the hydrogen
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elimination process of propene.302 For the HLaCH2CHCH2 complex two structures are
possible. In the first structure, the La atom has an η1 binding mode with no interactions
with the π-bond of the propene. In the second structure, the La atom interacts with the πbond of propene to obtain an η3 binding mode. Such interactions tend to stabilize the
oxidized metal atom and thus results in a more stable structure. Table 8.5 lists the
predicted relative electronic energies of the possible structures of the La(C3H6) complex.
For these structures of the La(C3H6) complex, the low-spin doublet state is more stable
than the high-spin quartet state. Among these, the 2A' state of the insertion complex (η3
binding mode) has the lowest energy with the doublet state of the other isomers being
nearly 3000 cm-1 or higher. Clearly as shown in Figure 8.7, the measured spectrum is
from the H-La(η3-C3H5) insertion complex and the observed transition is 1A'←2A'. As
listed in Table 8.2, there are three possible ionization processes (1A'←2A', 3A"←2A', and
3

A"←4A") of the insertion complex predicted by theory. The other possible transitions of

the insertion complex (3A"←2A' and 3A"←4A") are not likely to be responsible for the
measured spectrum. This is because (a) the calculated AIE (56725 cm-1) of the transition
3

A"←2A' is much higher than the measured AIE (41131 cm-1) (Table 8.2) and the

spectrum profile of the transition is much longer than that of the measured spectrum (not
shown), (b) the calculated AIE (38898 cm-1) of the transition 3A"←4A" is smaller than the
measured AIE and has a long FC profile (not shown). We thereby conclude that the
La(C3H6) complex exists as an insertion lanthanumallyl hydride [H-La(η3-C3H5)]
complex in the 2A' neutral ground state and 1A' ionic ground states, and the observed
transition is 1A'←2A'. A similar complex is observed for the vanadium metal atom
(vanadiumallyl hydride) by Mark Parnis and coworkers using matrix-isolation infrared
spectroscopy.309 Transition metal atoms and allyl coordination complexes have been
observed and well characterized by infrared and Raman techniques,334-337 but no gasphase study has been reported on the complex containing only the allyl group and metal
atom. On the basis of the good agreement between the experiment and theory, as shown
in Figure 8.6, the band at 41131 cm-1 in the measured spectrum is assigned as the AIE of
the complex. The 280 cm-1 progression is assigned to the transition of the La-H and C-H
wagging vibration of H-La+(η3-C3H5) in the 1A' ion electronic state and the band at 234
189

cm-1 below the 0-0 band is related to the same mode of the H-La(η3-C3H5) in the 2A'
neutral ground electronic state. The vibrational interval at 476 cm-1 above the 0-0 band is
related to the C-C rocking motion of the 1A' ion electronic state. The other bands at 754
and 1026 cm-1 from the 0-0 band are the combination bands of the La-H and C-H
wagging motions coupled with the C-C rocking motion. As listed in Table 8.3, the
calculated vibrational frequencies and AIE match well with the measurement.
In the 2A' neutral ground electronic state, the La atom has a 5d26s1 electron
configuration. To yield the H-La(η3-C3H5) ground state complex, the La atom undergoes
a considerable configuration change to achieve the s1d2 configuration, which significantly
decreases the barrier height for the complex formation as compared to the inert gas like s2
ground state atomic configuration of the La atom.302,338 The HOMO has largely a metalbased orbital character (s mixed with dz2) with a small contribution from the ligand (refer
to Fig. 8.5 (e)).
Table 8.4 summarizes the predicted geometries of the H-La(η3-C3H5) complex in
different electronic states. In the complex, the predicted C-C bond lengths are equal,
indicating the presence of the pi-electron cloud delocalization over all the three carbon
atoms (in propene the calculated C-C bond lengths are 1.501 and 1.331 Å). Moreover, the
three La-C bond lengths are similar, thus, the complex is in an η3 binding mode. The
other structural differences between the neutral and ionic ground electronic states are
calculated to be small, except for about 140 % change in the H4-C1-La-H9 dihedral angle
(Fig. 8.4) and ~8% change in the C2-La-H9 bond angle. These deviations are responsible
for the observed La-H and C-H wagging vibrational modes in the MATI spectrum. All
the atoms of allyl chain (C3H5) are nearly in the same plane (~3° deviation) except for H4
and H8 atoms (~30° deviation). The hydrogen atom bound to the La atom in the complex
bears a negative charge, indicating a hydride character of the complex (refer to Table
8.6).
8.3.4 MATI spectrum of (C4H6)
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The MATI spectrum of La(C4H6) complex is shown in Figure 8.8. The band
positions and related assignments are reported in Table 8.1. Unlike the insertion product,
the MATI spectrum of La(C4H6) has a short FC profile. The most intense band at 41264
cm-1 is the origin band (0-0) with the fwhm of about 50 cm-1 in He carrier. Unfortunately,
the MATI signal with the mixture of He/Ar was too small to record the spectrum. The
energy of the origin band corresponds to the sharp signal onset of the PIE spectrum
(Figure 8.1). The spectrum (Figure 8.8(a)) has a major progression of 354 cm-1 to the
higher energy side of the 0-0 band. Also, the spectrum exhibits a weak band at 346 cm-1
to the lower-energy side of the origin band.
Although the MATI spectrum of the La(C4H6) complex is simple and has a short
FC profile, there are two major questions needed to be answered; first, what is the
structure of the complex; and second, how it is formed? In spite of many previous studies
on the reactions of propene with different neutral metal atoms, none of those studies have
observed a C-C coupling product.308,311,332 In the reactions of metal atoms with
hydrocarbons, both C-H and C-C bond activation can occur, however, C-C bond
activation is relatively uncommon. If C-C bond activation does occur, the formation of CC coupled products is possible. Similar speculation has been made previously by
Heinemann et al. for the CeC4H6+ complex formed by the secondary reaction of the
cationic carbene complex (CeCH2+) with propene and identified by the collision induced
dissociation (CID) experiment.339 The CID spectra of the CeC4H6+ complex from the
CeCH2+ + propene and Ce+ + n-butane reactions were very similar. The complex was
proposed to contain a butadiene structure, because the double dehydrogenation of the nbutane by the transition-metal cations can occur without any rearrangement of the carbon
skeleton. Cornehl et al. observed the formation of LnC4H6+ complex by the Fourier
transform ion cyclotron resonance mass spectrometry and predicted the complex to be
formed by the secondary reaction of propene with LnC3H4+, followed by the elimination
of an ethene molecule.299 Also, the reaction of the neutral Y atom with propene can
produce YCH2 + C2H4 by the C-C bond activation. The mechanism involves the Y atom
addition to the C=C bond, followed by the H atom migration and C-C bond fission, rather
than the true C-C bond insertion.302 But Hinrichs et al. were not able to observe the C-C
coupled complex as the CMBs are single collision experiments. Nevertheless, C4H6 as a
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free molecule can have several structural isomers, such as trimethylenemethane (TMM),
1,3-butadiene, cyclobutene, 2-butyne, 1-butyne, and 1-methylcyclopropene. Among these
possible isomers, TMM is predicted to be the most stable one and is more stable than
other isomers by about 98000 cm-1.
Figure 8.8(b) displays the spectral simulation of the transition 1A1←2A1 of the
La(TMM) complex. In the simulation, the vibrational frequencies are not scaled, but the
0-0 transition is referenced to the experimental value for clear comparison. Clearly, the
1

A1←2A1 simulation matches well to the measured spectrum in both vibrational intervals

and intensities. Based on the good agreement between the experiment and theory, the 354
cm-1 progression is assigned to the stretching vibration of the La+(TMM) in 1A1 ion
ground electronic state and the band at 346 cm-1 below the 0-0 band to the corresponding
mode in the 2A1 neutral ground electronic state. The assignment of each MATI band is
summarized in Table 8.1. The other two ionization processes (3A'←2A1 and 3A'←4A') of
the La(TMM) complex are unlikely to be responsible for the measured spectrum. This is
because (a) the predicted AIE (56784 cm-1) of the 3A'←2A1 transition is much higher than
the measured AIE (41264 cm-1), (b) the 3A'←4A' transition can be neglected as the 4A' is
not the ground electronic state, (c) the intensity profiles of 3A'←2A1 and 3A'←4A' are
much longer than the measured spectrum with a low intensity 0-0 band (not shown). We
found the La(TMM) complex in C3v symmetry, with La binding more strongly to the
tertiary carbon atom (C1, Figure 8.4) of the TMM. Table 8.3 summarizes the measured
and calculated AIEs and vibrational frequencies.
Table 8.4 lists the geometric parameters of the complex (for structures refer to
Figure 8.4). The La(TMM) complex in C3v symmetry has all the primary carbon atoms
(C2, C3, and C4) in a plane and the tertiary carbon atom (C1) out-of-the plane by about
37°. The La atom is bound more strongly to C1, with a bond length about 5% shorter than
the other three La-C bonds. Similar to the other complexes discussed in the previous
section, HOMO of the La(TMM) complex is a metal based orbital, but here s is mixed
with dxy and dx2-y2 rather than dz2, with almost no contribution from the ligand orbitals.
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8.4 Reaction mechanism

In this section, we present the detailed theoretical study on the reaction of the
ground state of La atom with propene. We aim to predict the possible mechanisms for
both C-H and C-C bond activation of propene by the La atom, which yields the
La(CHCCH3), La(CHCHCH2), H-La(η3-C3H5), and La(TMM) complexes. The
characteristics of the IM, TS, reactants and products along the doublet PES are discussed.
Previously, Davis et al. proposed only one pathway for the H2 elimination in the reaction
of Y with propene.302 Recently, Li et al. showed that eight pathways are possible for the
H2 elimination from propene by the reaction with Y atom.313 These pathways include
both concerted and stepwise H2 elimination of propene. The optimized geometries of all
the IM, TS, reactants and products on the doublet potential energy surface are discussed.
Finally, I intend to combine the predicted pathways with experimental findings to
understand the mechanism responsible for the above products formation in the molecular
beams.

8.4.1

C-H bond activation

8.4.1.1 Concerted H2-elimination pathways

In this section, the concerted H2 elimination pathways will be discussed (refer to
Figures 8.9 and 8.10). There are three pathways a, b, and c. The structures of the IM, TS,
and products are shown in Figure 8.9. The relative energies of the TS, IM, and products
are reported in Table 8.7. The reaction of La atom with propene is initiated by the
exothermic formation of the strongly bound π-complex (IM1). In IM1, the two La-C
bond lengths are nearly equal (2.483 and 2.486 Å). The C=C bond lengthens (1.483 Å) in
IM1 are longer than that of the free propene (1.331 Å) due to the back donation of the
electron density into the π* orbitals of propene.340 The formation of IM1 is on the basis of
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the Dewar-Chatt-Duncanson model. After the π-complex formation, three pathways a, b,
and c are possible for the C-H bond activation. In path a, the La atom inserts into one of
the C-H bonds of the CH2 group via TS1, in path b, the insertion takes place in the C-H
bond of the central atom via TS3, while in path c, the La atom inserts into one of the
methyl C-H bonds via TS5. The transition states produced by a, b, and c pathways then
yield the insertion intermediates IM2, IM4, and IM6, respectively. All three intermediates
IM2, IM4, and IM6 lie well below the energy of the reactants. Among these, IM6 has the
lowest energy, although the La-C bonds are longer in IM6 than IM2 and IM4. This is
because the formation of IM6 involves the insertion of the La atom into the weaker sp3hybridized methyl C-H bond rather than the relatively stronger sp2 C-H bond. This
observation confirms the previous speculations made by Carroll and few others.320 In
IM6, the La atom interacts equivalently with the three carbon atoms that form an allyl
hydride intermediate as proposed by Davis and coworkers. Our calculations indicate that
the IM6 is the most stable intermediate in the dehydrogenation reaction of propene by La
atom, and I successfully measured the MATI spectrum of IM6 (discussed in section
8.3.3). In pathways a and b, the H2 elimination proceeds via MCTSs and TS2 and TS4 to
yield the intermediates IM3 and IM5, respectively. Both IM3 and IM5 eliminate H2 to
yield the product La(CHCCH3). The La(CHCCH3) complex is calculated to be slightly
higher in energy (16 kJ/mol) than the reactants. In pathway c, the transfer of a single
hydrogen atom from the central carbon atom, known as “beta-hydrogen migration” in
inorganic literature, is known to be the primary decomposition pathway for the transition
metal alkyl complexes having beta-H atoms; such complexes tend to be much less
kinetically stable than those without beta-H atoms.302 The migration of the H atom on the
central carbon atom to La forms the intermediate IM7 via TS6 and then yields
La(CH2CCH2). Although all three pathways a, b, and c are possible for the H2
elimination from propene by the reaction with La atom, pathway c can be neglected, as
the La(CH2CCH2) complex is higher in energy (by ~43 kJ/mol) than the La(CHCCH3)
complex and thus less likely to exist under our experimental conditions. Moreover, the
La(CH2CCH2) complex is not a carrier of the La(C3H4) MATI spectrum.
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8.4.1.2

Stepwise H2-elimination pathways

Stepwise H2-elimination pathways d, e, f, g, and h are shown in Figures 8.11 and
8.12. These pathways also involve the formation of IM2, IM4, and IM6 intermediates
starting from the π-complex as discussed above. In pathways d and e, after IM2 and IM4,
the H atom on the secondary C atom migrates to the La atom, forming the dihydrido
intermediate IM8. In pathway f, one of the methyl H atoms in IM4 moves to the La atom
to yield a different dihydrido intermediate, IM9, with a slight higher energy than IM8 (~7
kJ/mol). After IM6, in pathways g and h, the H atom on the central and terminal carbon
atoms transfers to the La atom, yielding the intermediates IM9 and IM10, respectively.
Among the three dihydrido intermediates, IM8, IM9, and IM10, IM10 is calculated to be
more stable than the other two by about 3-9 kJ/mol. According to the mechanism
proposed by Hinrichs et al.,302 after IM6, the H-atom on the central C can transfer to the
metal atom, yielding a dihydrido intermediate similar to IM9. The H-atom transfer steps
in the above five pathways proceed via TS7, TS9, TS10, TS12, and TS13, respectively.
The dihydrido intermediates IM8, IM9, and IM10 can eliminate H2 to yield three
dehydrogenated

products,

La(CHCCH3),

La(CH2CCH2),

and

La(CHCHCH2),

respectively. TS8 and TS11 in pathways d (e) and f (g) are the corresponding transition
states for the dehydrogenation and these are located at higher energies than the TS14
transition state in pathway h. The formation of La(CHCHCH2) is favored over the
formation of La(CHCCH3) and La(CH2CCH2). Indeed, I observed the La(CHCHCH2)
and La(CHCCH3) isomers in the molecular beam. Thus, there is nice agreement between
the theoretical predictions and experimental observations. Comparison between the
concerted and stepwise H2 elimination pathways indicates that the concerted pathways
are energetically more favorable than the stepwise ones. However, at higher collision
energy the stepwise H2 elimination become competitive as well.
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8.4.2
8.4.2.1

C-C bond activation
Formation of LaCH2 + C2H4

We found three pathways for the C-C bond activation to yield LaCH2 + C2H4.
These pathways are shown in Figure 8.13 as i, j, and k. Figure 8.14 shows the
corresponding potential energy surfaces. In pathway i, the allyl intermediate IM6 formed
by the methyl C-H bond insertion undergoes the migration of the La-bound H atom to the
central carbon atom, which forms the metallacyclobutane intermediate, IM11. TS15 is the
transition state involved in the process and lies below the reactants in energy. The
formation of a similar metallacyclobutane complex to IM11 was proposed by Davis et al.
in the reaction of cyclopropane with Y metal atom. According to Davis et al., IM11
undergoes fission of the C-C bond via a simple electronic rearrangement to yield TS16
and then rearranges to IM12. The long La-C bond distances (> 2.7 Å) in IM12 shows
that IM12 is not stable and can lead to the La-C bond cleavage to produce LaCH2 + C2H4.
The formation of LaCH2 + C2H4 is calculated to be endothermic, which is in agreement
with the previous studies.302,313
In pathway j, after IM1, the C-C bond insertion intermediate IM13 is formed by
the La atom insertion into the sp2-sp3 hybridized C-C bond via TS17. Then, one of the H
atoms of the methyl group migrates to La to yield IM14. Followed by the La-bound H
atom migration to the CHCH2 fragment, H2CLa-C2H4 (IM12) is formed. Along with the
La insertion into the C-C bond, the La insertion into a C=C bond may occur as well, as
shown in pathway k. After IM6, La can insert into one of the C=C bond of the allene to
yield the intermediate IM14. In general, our predictions on the reaction of La + propene
are similar to the previous theoretical calculations on Y + propene by Tao et al.313

8.4.5.4

Formation of La(TMM)
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As shown in Figure 8.13, we found two pathways for the formation of LaCH2 in
the reaction of ground-state La atom with C3H6. The rate-determining step has a barrier
of 172.5 kJ/mol represented by TS19. TS19 corresponds to the highest barrier which
makes this pathway less favorable than pathway i. At low energy, this pathway will be
blocked. However, we cannot rule out the possibility of overestimation of the barrier by
the DFT calculations. The other mechanism involves the IM11 intermediate called
“metallacyclobutane”, as shown in Figure 8.13. The decomposition of this intermediate
through TS16 yields LaCH2 + C2H4. The pathway involving IM11 has a low energy
barrier and thus is energetically favorable. Indeed, the LaCH2 complex is observed in the
mass spectrum.
As shown in Figure 8.15, two pathways, l and m, can lead to the formation of the
La(TMM) complex. The corresponding potential energy profiles are shown in Figure
8.16. In pathway l, the LaCH2 reaction with propene produces IM15, where the La is
loosely bound to the free propene and IM15 is more stable than the reactant by 33 kJ/mol.
In the next step, IM17 is formed via TS21. TS21 has a barrier of about 26 kJ/mol and is
characterized by an imaginary frequency of 982i cm-1 associated with the stretching
vibration of hydrogen methylene bond. TS21 is analogous to IM6 discussed in the
previous section. Further rearrangement in IM17 yields the intermediate IM18 via TS23.
In pathway m, IM16 is formed, which is similar to formation of IM15 in pathway l. Both
l and m pathways led to the common intermediate IM18. To form the complex
La(TMM), H2 elimination is required and achieved by the activation of the secondary H
atom via TS24. IM19 formed via TS24 is characterized by a dihydrogen bond with a
predicted bond length of 0.776 Å and undergoes a barrierless elimination of a H2
molecule to yield IM20. IM20 undergoes intramolecular rearrangements through TS25 to
yield La(TMM).

8.5

Conclusions
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The products formed by hydrogen elimination and insertion and C-C coupling are
observed by time-of-flight mass spectrometry and studied by MATI spectroscopy and
density functional theory calculations. The La atom mediated C-H bond activation leds to
the formation of the La(C3H4) and H-La(C3H5) complexes, whereas the C-C coupling
yields the product of La(TMM). In addition, the La(CHCCH3) and La(CHCHCH2)
isomers of La(C3H4) are observed, which are produced by the 1,2- and 1,3-elimination of
propene. Adiabatic ionization energies and metal-ligand and ligand based vibrational
frequencies are measured for the first time from the MATI spectra. Molecular structures
and electronic states of the neutral and ionic complexes and the possible reaction
mechanisms involved in their formations are analyzed by combining the spectroscopic
measurements with the ab initio calculations.
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Table 8.1 MATI band positions (cm-1) and vibrational assignments of La(CHCCH3),
La(CHCHCH2), H-La(η3-C3H5), and La(TMM).
La(CHCCH3)
Position Assign.

d

La(CHCHCH2)
Position Assign.

H-La(η3-C3H5)
Position Assign.

La(TMM)d
Position Assign.

40509

000

40942

000

40897

1410

40935

1210

40733

1210

41304

1710

41131

000

41264

000

41077

1010

41356

1610

41171

1411

41617

1210

41462

1410

41215

1422

41970

1202

41411

1410

41457

1412

41607

1110

41689

1402

41733

1413

41885

14101110

41969

1430

42001

1414

42157

14021110

42239

1404

TMM stands for trimethylenemethane
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Table 8.2 Point groups, electronic states, relative energies (Erel, cm-1), and AIEs (cm-1) of
the La(CHCCH3)a, La(CHCHCH2)b, H-La(η3-C3H5), and La(TMM)d complexes from
DFT/B3LYP calculations.
Complexes
La(CHCCH3)a

Symmetry
Cs
Cs
Cs
Cs

La(CHCHCH2)b

H-La(η3-C3H5)

La(TMM)d

a

3

A"
1 '
A
4 "
A
2 '
A

Transitions

49117
42116
8674
0

A'←2A'
A"←2A'
3 " 4 "
A←A

3

Cs
Cs
Cs
Cs

3

A"
A'
4 "
A
2 '
A

56808
42556
18204
0

Cs
Cs
Cs
Cs

3

57114
41917
14928
0

A
A
4
A
2
A

50347
41885
18641
0

1

1

A'
1
A1
4
A
2
A1

La(CHCHCH2) from 1,3-elimination of C3H6

from MATI measurements

d

Erel

C1
C1
C1
C1

La(CHCCH3) from 1,2-elimination of C3H6

b
c

States

TMM stands for trimethylenemethane
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1

3

AIE
40509c
42220
48980
40514

A←2A
3
A←2A
3
A←4A

40942c
42930
51232
31664

A'←2A'
3 " 2 '
A←A
3 " 4 "
A←A

41131 c
42853
56725
38898

A1←2A1
A'←2A1
3 ' 4 '
A← A

41264c
42174
56784
42407

1

1

1

3

Table 8.3 AIEs (cm-1) and vibrational frequencies (cm-1) of the La(CHCCH3)a,
La(CHCHCH2)b, H-La(η3-C3H5), and La(TMM)d complexes from MATI spectroscopy
and DFT/B3LYP calculations.
B3LYP

Mode description

42220
217

In-plane bend of C skeleton

554

C1-La stretch, in-plane bend of C skeleton

42930
338

La-ligand stretch, mainly C2 and C3

414

398

La-ligand stretch, mainly C1 and C2

620

616

La-ligand stretch, mainly C1 and C3

42853
246

La-H and C-H bond wag.

Complexes
MATI
a 1 ' 2 '
La(CHCCH3) ( A ← A )
AIE
40509
v10+
224
+
12

v

568

La(CHCHCH2)b (1A←2A)
AIE
40942
v17+
362
+
16

v

v14+

H-La(η -C3H5) ( A ← A )
AIE
41131
v14
234
3

1

'

'

v14+

280

277

La-H and C-H bond wag.

+
11

476

464

Terminal C-C bond rock

41264
346
354

42174
321
340

La-ligand stretch
La-ligand stretch

v

La(TMM)d (1A'←2A')
AIE
v12
+
12

v
a

2

La(CHCCH3) from 1,2 elimination of C3H6

b

La(CHCHCH2) from 1,3 elimination of C3H6

d

TMM stands for trimethylenemethane
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Table 8.4 Geometric parameters of the La(CHCCH3), La(CHCHCH2), H-La(η3-C3H5),
and La(TMM)d complexes in different electronic states from DFT/B3LYP calculations.
Parameter
C1-C2
C2-C3
C1-H4
C3-H6
C3-H7
C3-H5
La-C1
La-C2
La-C3
C1-La-C2
La-C2-C3
C1-C2-C3

2

A'
1.337
1.499
1.094
1.098
1.096
1.096
2.379
2.403
3.821
32.5
155.8
131.4
2

C1-C2
C2-C3
La-C3
La-C2
La-C1
C3-H6
C3-H7
C2-H5
C3-H4
C1-La-C3
C1-C2-C3

A
1.370
1.474
2.541
2.741
2.398
1.088
1.095
1.097
1.090
60.0
120.7
2

C1-C2
C2-C3
C1-H4
C1-H5
C2-H6
C3-H8
C3-H7
La-C3
La-C2
La-C1
La-H9
C1-C2-C3
C2-La-H9
H4-C1-La-H9

A'
1.403
1.403
1.090
1.084
1.091
1.090
1.084
2.720
2.730
2.720
2.122
125.0
118.9
4.667

La(CHCCH3)
1 '
A
1.338
1.493
1.089
1.094
1.095
1.095
2.330
2.368
3.769
33.0
154.1
133.8
La(CHCHCH2)
1
A
1.378
1.459
2.519
2.693
2.331
1.087
1.095
1.093
1.088
60.5
119.3
H-La(η3-C3H5)
1 '
A
1.400
1.400
1.095
1.084
1.089
1.095
1.084
2.644
2.750
2.644
2.052
122.8
108.5
-1.914
202

4

A"
1.262
1.481
1.081
1.098
1.093
1.093
2.600
2.663
3.831
27.7
133.1
153.5
4

A
1.393
1.414
2.950
2.863
3.233
1.082
1.083
1.090
1.080
46.3
121.1
4

A"
1.395
1.395
1.085
1.083
1.088
1.085
1.083
3.216
3.042
3.216
2.147
124.5
138.8
13.33

3

A"
1.256
1.477
1.080
1.096
1.092
1.092
2.552
2.654
3.793
27.8
131.2
157.2
3

A
1.402
1.394
2.759
2.808
2.460
1.097
1.083
1.093
1.087
55.5
121.9
3

A"
1.404
1.404
1.086
1.083
1.089
1.086
1.083
3.002
2.798
3.002
2.062
123.8
90.83
-7.055

H4-C1-C2-C3
H5-C1-C2-C3

30.00
-177.4
2

C1-C2
C1-C3
C1-C4
C2-H5
C2-H6
C2-H7
C3-H8
C4-H9
C4-H10
La-C1
La-C2
La-C3
La-C4
C2-C1-C3
La-C1-C2
C1-C2-C3-C4
d

A1
1.432
1.432
1.432
1.087
1.087
1.087
1.087
1.087
1.087
2.526
2.654
2.654
2.654
116.4
78.94
-21.34

32.33
-176.1
La(TMM)d
1
A1
1.429
1.429
1.429
1.087
1.087
1.087
1.087
1.087
1.087
2.507
2.618
2.618
2.618
115.8
78.11
39.33

TMM stands for trimethylenemethane
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2.628
177.6
4

A'
1.418
1.441
1.418
1.089
1.083
1.083
1.083
1.083
1.089
2.783
2.724
3.652
2.724
118.7
72.79
12.40

1.795
173.1
3

A'
1.428
1.421
1.428
1.093
1.084
1.083
1.083
1.084
1.093
2.783
2.628
3.781
2.628
120.3
68.7
11.80

Table 8.5 Electronic states and relative electronic energies (Erel) (cm-1) of the four
isomers of La(C3H6) from DFT/B3LYP calculations.
Conformer
π complex

Point group
C1

Insertion complex

Cs

La-cyclopropane

C3v

Metallacyclobutane

Cs

204

State
2
A
4
A
2 '
A
4 '
A
2
A1
4
A1
2 '
A
4 '
A

Erel
3640
8656
0
18204
13883
14813
2595
18611

Table 8.6 Atomic charges of La(CHCCH3), La(CHCHCH2), H-La(η3-C3H5), and
La(TMM).
Atom
C1
C2
C3
H4
H5
H6
H7
La

2

A'
-0.552
-0.055
-0.640
0.086
0.135
0.125
0.135
0.766
2

C1
C2
C3
H4
H5
H6
H7
La

A
-0.678
0.103
-0.870
0.112
0.124
0.147
0.180
0.881
2

C1
C2
C3
H4
H5
H6
H7
H8
H9
La

A'
-0.777
0.150
-0.777
0.191
0.166
0.141
0.166
0.191
-0.342
0.889
2

C1
C2
C3
C4
H5
H6
H7
H8
H9
H10

A'
0.370
-0.701
-0.701
-0.701
0.160
0.160
0.160
0.160
0.160
0.160

La(CHCCH3)
1 '
A
-0.418
-0.003
-0.553
0.145
0.162
0.166
0.162
1.337
La(CHCHCH2)
1
A
-0.517
0.098
-0.834
0.174
0.185
0.208
0.220
1.467
H-La(η3-C3H5)
1 '
A
-0.775
0.196
-0.775
0.242
0.217
0.191
0.217
0.242
-0.230
1.475
La(TMM)d
1 '
A
0.652
-0.757
-0.757
-0.757
0.209
0.209
0.209
0.209
0.209
0.209
205

4

A"
-0.523
0.179
-0.695
0.130
0.158
0.151
0.158
0.442
4

A
-0.108
-0.408
-0.377
0.176
0.199
0.171
0.180
0.168
4

A"
-0.416
-0.058
-0.416
0.180
0.178
0.167
0.178
0.180
-0.369
0.376
4

A"
0.534
-0.848
-0.321
-0.848
0.179
0.152
0.138
0.138
0.152
0.179

3

A"
-0.584
0.291
-0.552
0.179
0.179
0.196
0.179
1.112
3

A
-0.518
0.050
-0.625
0.184
0.2201
0.205
0.206
1.298
3

A"
-0.316
-0.384
-0.316
0.231
0.217
0.217
0.217
0.231
-0.228
1.136
3

A'
0.627
-0.841
-0.369
-0.841
0.206
0.198
0.174
0.174
0.198
0.206

La

0.771

1.394

206

0.544

1.269

Table 8.7 Total energies (E, hartree), relative energies (Erel, kJ/mol), and the imaginary
frequencies (cm-1) of the intermediates and transition states from DFT/B3LYP
calculations.

Species
La + C3H6
IM1
IM2
IM3
IM4
IM5
IM6
IM7
IM8
IM9
IM10
IM11
IM12
IM13
IM14
TS1
TS2
TS3
TS4
TS5
TS6
TS7
TS8
TS9
TS10
TS11
TS12
TS13
TS14
TS15
TS16
TS17
TS18
TS19

IMG

1149
1089
905
1080
983
1047
702
1228
698
766
1231
399
839
1048
993
241
573
131
1109
207

E
-149.08682263
-149.11946083
-149.11334816
-149.08378209
-149.11242688
-149.08356781
-149.13093399
-149.06916871
-149.07554216
-149.07347992
-149.07688390
-149.12422388
-149.08359397
-149.12136063
-149.06640222
-149.06802441
-149.07463415
-149.07475457
-149.07511852
-149.10280120
-149.06114705
-149.06227489
-149.03794923
-149.05862897
-149.05338317
-149.02498968
-149.06695520
-149.03689051
-149.04149953
-149.09958036
-149.07571389
-149.05561204
-149.06275591
-149.02109985

Erel
0
-85.6
-69.6
7.9
-67.2
8.5
-115.8
46.3
29.6
35.0
26.0
-98.1
8.4
-90.6
53.6
49.3
32.0
31.6
30.7
-41.9
67.4
64.4
128.3
74.0
87.7
162.3
52.1
131.0
118.9
-33.4
29.1
81.9
63.1
172.5

TS20
La(CHCCH3)+ H2
La(CH2CCH2)+H2
La (CHCHCH2)+H2
LaH2 + propyne

299

-149.04432768
-149.014981
-149.000158
-149.019029
-148.983704

111.5
16.5
59.4
7.4
105.5

LaH2 + allene

-148.986906

98.8

LaH2 + 3CHCHCH2

-148.906828

315.0

LaCH2 + C2H4

-148.995298

LaCH2 + C3H6
La(C4H6)+ H2

-188.396187
-188.4384655

IM15

-188.4087593

IM16

-188.4084636

IM17

-188.4225003

IM18

-188.4224578

IM19

-188.3488578

IM20 +H2

-188.3418915

TS21

982

-188.3859915

TS22

1073

-188.382692

TS23

81

-188.4060672

TS24

855

-188.3435876

TS25 + H2

240

-188.3284669

208

54.3
0
-111.0
-33.0
-32.2
-69.0
-68.9
124.2
142.5
26.7
35.4
-25.9
138.0
177.7

41200 (100)
(c)
41100 (200)
(b)

40490 (50)

40890 (50)

(a)

40400

40800

41200

41600

Wavenumber (cm-1)
Figure 8.1 PIE spectra of La(C3H4) (a), La(C3H6) (b), and La(C4H6) (c) seeded in He
carrier. The ionization threshold is located by the intersecting point of two lines as
pointed by the arrow.

209

40942 (0-0)
40509 (0-0)
A

414
362

B

234

620

568
(a) Experiment He/Ar (1:1)

(b) = (c) + (d)

(c) 1A'←2A' @ 100 K

(d) 1A←2A @ 100 K

40400

40800

41200

41600

-1
Wavenumber (cm )

Figure 8.2 Experimental MATI spectrum of La(C3H4) seeded in 1:1 He/Ar (a), sum of
the simulations (100 K) of La(CHCCH3) (1A'←2A') and La(CHCHCH2) (1A←2A) (b),
and simulations (100 K) of La(CHCCH3) (c) and La(CHCHCH2) (d).
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1 2 3
La + CH2CHCH3

1,1-eli

La(CCHCH3), 2A', 6252

1,2-eli

La(CHCCH3), 2A', 0, A

1,3-eli

La(CHCHCH2), 2A, 108, B

2,3-eli

La(CH2CCH2), 2A', 3579

3,3-eli

La(CH2CHCH), 2A', 4788

Figure 8.3 Electronic states and relative electronic energies (Erel) (cm-1) of
dehydrogenated isomers of La(C3H4) from DFT/B3LYP calculations.
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(a)

(a)
6

1

3
2
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La

3

8
4

9

(b)

(c)

7
6

8

5

La
9

3

4
1

10

2
5

(d)

Figure 8.4 Structures of La(CHCCH3) (a), La(CHCHCH2) (b), H-La(η3-C3H5) (c), and
La(TMM) (d).
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a. 5d26s
s (mixed dz2), a̕

b.

5d26s
s (mixed dz2), a

c.

d2xy, a̕

(mixed dxz, dxy, dz2)2, a

5d26s
s (mixed dz2), a̕

d.

d2xz, a"

5d26s
s (mixed dz2 ), a1

(dyz, dx2-y2 )2, e

Figure 8.5 Electron configurations of (a) 2A' of La(CHCCH3), (b) 2A of
La(CHCHCH2), (c) 2A' of H-La(η3-C3H5), and (d) 2A1 of La(TMM).
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41131 (0-0)
280

234
476

(a) Exp He/Ar

(b) 1A'←2A' @ 250 K

40800

41200

41600

42000

Wavenumber (cm-1)
Figure 8.6 Experimental MATI spectrum of La(C3H6) seeded in 2:1 He/Ar (a) and
simulation of the 1A'←2A' transition at 250 K (b).
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41131 (0-0)
280

234
476

(a) Exp He/Ar
(b) 1A'←2A' @ 250 K

(c) 1A←2A @ 250 K

(d) 1A1←2A1 @ 250 K
(e) 1A'←2A' @ 250 K

40800

41200

41600

42000

42400

Wavenumber (cm-1)
Figure 8.7 Experimental MATI spectrum of La(C3H6) seeded in 4:1 He/Ar (a) and
simulations (250 K) of H-La(η3-C3H5) 1A'←2A' (b), La(CH2CHCH3) 1A←2A (c),
La(cyclopropane) 1A1←2A1 (d), and La(CH2CH2CH2) 1A'←2A' (e).
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stands for intermediate states and TSn for transition states.
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